National Aeronautics and Space Administration 


Headquarters 

Washington, DC 20546-0001 



May 31, 2019 


Reply to attn. of; Office of Communications 


Mr. Benjamin Levitan 
and Lance Bowman 
Environmental Defense Fund 
1875 Connecticut Ave., NW 
Suite 600 

Washington, DC 20009 


Re: FOIA Tracking Number 19-HQ-F-00404 
Dear Mr. Levitan and Bowman; 

This is the final response to your Freedom of Information Act (FOIA) request to the National 
Aeronautics and Space Administration (NASA), dated March 25, 2019, and received in this 
office on March 26, 2019. You sought numerous records pertaining to any climate review. In 
an email dated April 1, 2019, however, you clarified that your request seeks records 
pertaining to a meeting reportedly convened by the White House/National Security Council in 
February 2019 regarding a review of climate science. Specifically, you seek records 
pertaining to: 

1) Any invitation or request for NASA to participate in the February 2019 meeting, or 
any other meetings concerning climate science; 

2) Whether NASA participated in any meetings or discussion related to climate science; 

3) Any discussions about the nature and extent of NASA’s involvement in climate 
science; and 

4) Anything else about the White House/National Security Council review of climate 
science, such as its structure, goals, purpose, and methods. 

Our interim response, dated May 8, 2019, summarized our work on your request thus far. It 
also provided you with 57 pages of records obtained from our search within ITCD, and 
advised that we would provide you with another response once our review of records located 
in the Office of Interagency and Intergovernmental Relations (OIIR) is complete. That review 
is now complete and remaining records from ITCD as well as OIIR are enclosed. 

Please note that the enclosed records include communications originating from the National 
Security Council (NSC), a component of the White House that is not subject to the FOIA. 
Although these communications from the White House do not constitute “agency records” 
that are subject to FOIA, NASA consulted with the NSC in an effort to release to you as much 
information as possible. Thus we, in consultation with the NSC, reviewed under the FOIA the 
responsive records to determine whether they may be accessed under the FOIA's provisions. 
Based on that review, this office is providing the following; 
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50 page(s) are being released in full (RIF); 

10 page(s) are being released in part (RIP); 

10 page(s) identified as non-agency records per consultation with National Security 
Council; 

NASA redacted from the enclosed documents certain information pursuant to the following 
FOIA exemptions; 


Exemption 6, 5 U.S.C, § 552(b)(6) 

Exemption 6 allows withholding of “personnel and medical files and similar files the 
disclosure of which would constitute a clearly unwarranted invasion of personal privacy.” 5 
U.S.C. § 552(b)(6)(emphasis added). NASA invokes exemption 6 to protect the names of 
private individuals, as well as email addresses and other contact information of third parties 
referenced in these records. 

Appeal 

You have the right to appeal my action on your request. Please send any appeal to: 

Administrator 
NASA Headquarters 
Executive Secretariat 
ATTN; EOIA Appeals 
MS 9R17 
300 E Street S.W. 

Washington, DC 2054 

Both the envelope and letter of appeal should be clearly marked, “Appeal under the Ereedom 
of Information Act.” You must also include a copy of your initial request, the adverse 
determination, and any other correspondence with the EOIA office. In order to expedite the 
appellate process and ensure full consideration of your appeal, your appeal should contain a 
brief statement of the reasons you believe this initial determination should be reversed. 

Assistance and Dispute Resolution Services 

Eor further assistance and to discuss any aspect of your request you may contact NASA’s 
Principal EOIA Officer, Nikki Gramian, via telephone at 202-358-0625 or via e-mail at 
Nikki.N.Gramian@NASA.gov . You may also send correspondence to Ms. Gramian at the 
following address: 


Ereedom of Information Act Office 

National Aeronautics and Space Administration 

NASA Headquarters 

300 E Street, S.W., 5P32 

Washington D.C. 20546 

Eax: 202-358-4332 
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Additionally, you may contact the Office of Government Information Services (OGIS) at the 
National Archives and Records Administration to inquire about the FOIA mediation services 
it offers. The contact information for OGIS is as follows; 

Office of Government Information Services 

National Archives and Records Administration 

8601 Adelphi Road-OGIS 

College Park, Maryland 20740-6001 

Email: ogis@nara.gov 

Telephone; 202-741-5770 

Toll free; 1-877-684-6448 

Fax: 202-741-5769 

Important Please note that contacting any agency official including the undersigned, 
NASA’s Principal FOIA Officer, and/or OGIS is not an alternative to filing an administrative 
appeal and does not stop the 90 day appeal clock. 

Sincerely, 

Electronic signature /S/ 

Stephanie K. Fox 

Team Lead / Chief FOIA Public Liaison 
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Re: Daily on Energy, presented by GAIN: Rift grows in GOP over climate change 
— Greens celebrate Endangered Species Day 


From: 

To: 

Cc: 


Sent: 

Received: 



Thomas Wysmuller 

William Mapper _ 

Bridenstine James < iames.f.bridenstine@nasa.gov>, Singer S. Fred 

Bridenstine, James F. (HQ-AAOOO) </0=NASA/OU=EXCHANGE 
ADMTNl^TOfflvE GROUP 

(FYDIBOHF23SPDLT)/CN=RECIPIENTS/CN=Bridenstine, James F 8724750558df> 
May 19, 2018 11:12:32 AM EOT 
May 19, 2018 11:12:44 AM EOT 


Hi, Wil: 


I'll embed my reaction within your e-mail 


On May 19, 2018, at 8:27 AM, William HapperJ 


|<mailto2 


> wrote: 


Dear Tom, 


Thanks for the assessment. With repect to Fred Singer's WSJ Op Ed, I was surprised to read what seemed to be a 
statement that the rate of sea level rise is "accelerating." I don’t see that in the tide gauge data. Neither do I. Could this 
be another editorial improvement? Ouite likely. Fred told me he is limited to typing with only one hand, and was having 
a difficult time doing so. I asked him to send me the final WSJ submission (that I was originally supposed to get prior to 
its delivery), and he thinks it may have been accidentally erased. Some of the “factoids” that I talked to Fred about 
ended up in his thinking, but the floating Ross Ice Shelf contributing to SLR was not one of them. He did use some of 
the Zwally paper’s conclusions, but reference to it was either omitted or deleted by the WSJ. 

And how Bridenstein or anyone else can say that humans are a major cause of warming is a puzzle to me. I’ll go along 
with humans playing a major role in the increase of C02 in the atmosphere, from a relatively steady 280ppm for the 
past two thousand years +, to over 400ppm, starting in the late 1700s, but oceanic warming did not follow at anything 
near the C02 increase rate. Whatever warming we have had over the past 50 or so years is indistinguishable from 
many previous warmings. You are absolutely correct!!! Per EPICA and Vostok, the past three interg!acia!s each were 
warmer than the present, and there were no factory or transportation emissions helping boost temperatures along 
back then. 


I still believe Jim Bridenstine was trying to diffuse what is essentially a non mission-critical issue, as the Potomac 
estuary will not inundate NASA Headquarters anytime soon, or within anyone’s lifetime either. NASA is an agency far 
different than the one I worked in during the Apollo days, and the challenge Jim faces will be getting it back to a no- 
nonsense, measured and validated data orientation. Catastrophic SLR and runaway temperature rise is part of the 
nonsense, and he will be wise to systematically sidestep it for the short term. 

Tom 


Will 


From: Thomas Wysmuller 
Sent: Saturday, May 19, 2018 3:40 AM 
To: William Mapper 
Cc: Bridenstine James; Singer S. Fred 


<mailto[ 
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Re_ Daily on Energy, presented by 
GAIN_ Rift grows in GOP over climate 



Subject: Re: Daily on Energy, presented by GAIN: Rift grows in GOP over climate change ... Greens celebrate 
Endangered Species Day 

Hi, Wil: 

No real “insight,” but here’s my short reaction to a Newsweek piece - same subject - in the comments at the end. 

< http://www.newsweek.com/climate-change-skeptic-bridenstine-tells-nasa-he-believes-human-caused-global-931585 
> 

He’s entered a hornets nest without a smoke pot and I hope will methodically let the NASA “hive” settle down. There is 
much to do there, major mission critical work in fact, and having a climate oriented disruption during his first month is 
not in his, or the nation’s, best interest. My guess is that he intelligently quickly read the “lay of the land” and is acting 
accordingly. 

I do intend to eventually see Jim Bridenstine at some time in the next month or so, but well after the NY climate 
conference where I’ll be with next week. 

On another issue, Fred Singer was going to collaborate with me on an article he was putting together for the WSJ, but 
for some reason went at it on his own. According to a phone conversation I had with Fred earlier tonight, the WSJ 
severely edited it, and the usual suspects are jumping all over it, to Fred’s dismay. 

Best to you, Wil, and I hope you don’t mind the ccs! 

Tom 

PS No bees 

On May 18, 2018, at 11:05 PM, William Happer^^^^^^^^^^^^^ <mailto|^^^^^^^^^^^|> > wrote: 
Dear Tom, 

Do you have any insight about the remarks attributed to Bridenstine below? 

Will 

Begin forwarded message: 

From: Washington Examiner <news@washingtonexaminer.com <mailto:news@washingtonexaminer.com> > 

Subject: Daily on Energy, presented by GAIN: Rift grows in GOP over climate change ... Greens celebrate 
Endangered Species Day 

Date: May 18, 2018 at 12:39:42 PM PDT 

To:^@rangemagazine.com <mailtc(2^rangemagazine.com> > 

Reply-To: Washington Examiner <news@washingtonexaminer.com <mailto:news@washingtonexaminer.com> > 

Washington Examiner's Daily On Energy Newsletter View this as website <https://mediadc.us17.list- 
manage.com/track/click?u=00b18e7544dd3ec267591c592&id=15523cada5&e=3264bae676> 
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dod <http://central.washingtonexaminer.eom/wex-doe/files/2018/05/original_doe-header.png> 


SHARE: <https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=8140a77712&e=3264bae676> Share on Facebook 
<https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=5b85b2e23c&e=3264bae676> Share on Twitter 
<https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=8dbfa697aa&e=3264bae676> Share on Googie-i- 

ADVERTiSEMENT 

<https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=9bb7560ea7&e=3264bae676> 
<http://inbox.washinatonexaminer.com/imp?s=277442&sz=1x1&ii=&e^@ranaemaaazine.com&p=8fi80e5cb0c> 
<http://inbox.washingtonexaminer.com/imp?s=277443&sz=1x1&ii=&e23@rangemagazine.com&p=8680e5cb0c> 
<https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=a629ebabf5&e=3264bae676> 

<https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=60a776a8b3&e=3264bae676> 

SiGN UPi if you’d iike to continue receiving Washington Examiner's Daiiy onEnergy newsietter, SUBSCRiBE HERE: 
http://newsietters.washingtonexaminer.com/newsietter/ <https://mediadc.us17.iist- 

manage.com/track/ciick?u=00b18e7544dd3ec267591c592&id=bee9994ab3&e=3264bae676> daiiy-on-energy/ 

RiFT GROWS iN GOP OVER CLiMATE CHANGE: Repubiicans who support combating ciimate change were shaking 
their heads Friday after a “wiid day” during which members of the GOP expressed divergent views on the subject. 

“Thursday was a wiid day that shows us that most GOP representatives’ views on ciimate science are informed more 
by their ideoiogicai commitments than empiricai fact or carefui study,” Joseph Majkut, director of ciimate poiicy at the 
Niskanen Center, a free-market think tank, toid Josh. 

Rock and a hard piace: Eariy Thursday, Rep. Mo Brooks, R-Aia., said that rocks faiiing into the ocean are causing sea 
ieveis to rise, preaching ciimate deniai during a hearing focused on technoiogies that can heip address giobai 
warming. 

Brooks, a Tea Party Repubiican, said rocks from the Caiifornia coastiine and the White Ciiffs of Dover tumbie into the 
sea every year, contributing to sea-ievei rise. 

"Every time you have that soii or rock or whatever it is that is deposited into the seas, that forces the sea ieveis to rise, 
because now you have iess space in those oceans, because the bottom is moving up," Brooks said from his perch on 
the Science, Space and Technoiogy Committee. 

Steve Vaik, director of communications of the Citizens’ Ciimate Lobby, a group focused on inspiring Repubiicans to 
take ciimate action, caiied Brooks’ remark the “hand-siapping-forehead moment of the week.” 

‘Put poiitics aside’: Later in the day. Rep. Carios Curbeio, R-Fia, a moderate whose state is aiready feeiing the effects 
of sea ievei rise, boasted in an enthusiastic press reiease that the Ciimate Soiutions Caucus that he heads had added 
five new members, inciuding three Repubiicans. 

The new GOP entrants. Reps. Erik Pauisen of Minnesota, Peter Roskam of iiiinois, and Tom MacArthur of New 
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Jersey, bring the climate caucus membership to 78, half of whom are Republicans, showing that Congress can “put 
politics aside” to combat climate change, Curbelo said. 

‘Major way’: But politics surely affected the calculus of former House conservative lawmaker Jim Bridenstine of 
Oklahoma, who expressed denial of humans’ role in climate change before becoming the new administrator of NASA 
last month. 

Now that he heads an agency that studies the changing climate, and doesn’t represent a conservative district in 
Congress, Bridenstine is expressing new views. 

"I fully believe and know that the climate is changing. I also know that we, human beings, are contributing to it in a 
major way," Bridenstine told NASA employees at a town hall-style meeting Thursday. 

Majkut and Valk hope the actions of Bridenstine and the Climate Solutions Caucus’ Republicans send a message to 
other conservatives. 

Patience please: “Low information beliefs are malleable,” Majkut said. “Look what happened with Mr. Bridenstine. As 
soon as he started working with a bunch of experts down the hall, his rhetoric shifted substantially. I hope his 
leadership demonstrates that one can fully embrace climate science, or even think climate change is bad, without 
surrendering his membership in the Conservative movement.” 

Added Valk: “Progress is being made. Patience will eventually be rewarded.” 

This email was sent tcj^^rangemagazine.com <mailtc(^^angemagazine.com> 

<https://mediadc.us17.list- 

manage.com/about?u=00b18e7544dd3ec267591 c592&id=3b3366c1 c8&e=3264bae676&c=8680e5cb0c> why did I 
get this? unsubscribe from this list <https://mediadc.us17.list- 

manage.com/unsubscribe?u=00b18e7544dd3ec267591 c592&id=3b3366c1 c8&e=3264bae676&c=8680e5cb0c> 
update subscription preferences <https://mediadc.us17.list- 

manage.com/prof ile?u=00b18e7544dd3ec267591 c592&id=3b3366c1 c8&e=3264bae676> 

MediaDC ■ 1152 15th St NW Ste 200 ■ Suite 200 ■ Washington, DC 20005-1799 ■ USA 
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FW: NASA website 


From: 

To: 

Sent: 

Received: 


Mapper, William EOP/NSC <_ 

'j.morhard@nasa.gov' <j.morhard@nasa.gov> 
February 26, 2019 9:53:18 AM EST 
February 26, 2019 9:53:21 AM EST 



> 


Dear James, 


Not an^ency ReborC 


thanks for the kind greeting from Jim Bridenstine. 


Not an Agency Record 


Best wishes, 

Will 

Dr. William Mapper 

Deputy Assistant to the President 

Senior Director for Emerging Technologies 
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National Security Council 




From; William Mapper 

Sent: Tuesday, February 26, 2019 6:54 AM 

To; Mapper, William EOP/NSC 

Subject: [EXTERNAL] Fw: NASA website 


F ro m; 

Sent: Tuesday, February 26, 2019 3:57 AM 
To: William Mapper 

Cc:g;^^^| 

Subject: NASA website 

26th February 2019 
Dear Will 

It's been a while since we last communicated and I'm contacting you with reference to the NASA website and its 
climate content for kids at: >https://climatekids.nasa.gov/menu/weather-and-climate/< 
<>https:/climatekids.nasa.gov/menu/weather-and-climate/<> 

And the main NASA climate site at: >https://climate.nasa.gov/evidence/< <>https:/climate.nasa.gov/evidence/<> 

In Australia, many primary school teachers (and secondary) use the NASA website to teach about climate change and 
most have very little science background so essentially the blind are leading the blind, trusting the accuracy of 
information on climate provided by NASA. 

Much of the material on both sites are biased, emotive and without any evidence. There are statements such as: 
"Ninety-seven percent of climate scientists agree that climate-warming trends over the past century are very likely due 
to human activities, and most of the leading scientific organizations worldwide have issued public statements 
endorsing this position." 

And: "The Maldives are vulnerable to sea level rise." 

The site references the IPCC and Ben Banter as authorities, ignoring many facts that oppose the alarmism. I'm 
concerned that many children are being indoctrinated by this bad science. 

I have emailed the Site Editor Molly Shaftel and Site Manager Randal Jackson putting forward my constructive 
criticism with evidence but received no reply. I have mailed a letter (yes - one with stamps!) to the NASA 
administration and received no reply. 

Are you able to give me any email addresses for personnel at NASA who might do something about this 
misinformation that a trusting public will accept without question. 

Many thanks and kind regards. 
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P.S. I hope global warming Isn't bringing too much snow to your area. 
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Re: Feedback? 


From: 

To: 

Cc: 

Sent: 

Received: 


Thomas Wysmuller 



March 5, 2019 12:20:55 AM EST 
March 5, 2019 12:21:13 AM EST 


The progress made by our whole NASA TRCS group - and its growing reputation for excellence - never ceases to 
amaze me!!! 


PS a few bees 


On Mar 4, 2019, at 10:24 PM, 


<mai!tc|2| 


l> wrote: 


Tom, 


Thanks a !ot for dropping your dime on Will’s desk! 


“By chance, Tom Wysmuller stopped by my office on Saturday, 


I love it! You never cease to amaze me. 


Bia 


From: Hal Doiron [mailtoj 
Sent: 4 March, 2019 12:23 PM 
To:E 


Cc 


Subject: Fw: Feedback? 



E 

V 


> ; 

be 




FYI. I took my shot at getting involved with the Trump Administration's review of climate science that Dr. Will Mapper is 
heading up in his role as New Technology Adviser to John Bolton, the National Security Advisor. 

Tom Wysmuller, 

Thanks for suggesting Will Mapper send me his paper for review. What have you learned about how he plans to 
conduct the internal Administration review of the Anthropogenic Global Warming (AGW) threat? 

Hal 


Harold H. Doiron, PhD 



Home/Ofc:E 


Cell:E 
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.Forwarded Message 

From: Flal Doiron 
To: 

<mailto 


_> > 

<mailtc 
<mailtc 

Sent: Monday, March 4, 2019 12:15:59 PM CST 
Subject: Re: Feedback? 


I> > 




Will, 


I am honored that you would want me to review your paper. I will get to it this week. 

I am also very eager to get involved with the internal government review of climate science that newspaper reports 
indicate you are organizing. As you know, I have been leading a NASA retiree independent assessment of the 
Anthropogenic Global Warming (AGW) issue for the last 7 years. Our assessment of GHG climate sensitivity is 
completed and we believe Transient Climate Response is bounded to the high side by 1.3C and Equilibrium Climate 
Sensitivity is <1.6C. Our results are essentially the same as published by Lewis and Curry (2018) using similar data. 

We derived a simple algebraic global mean surface temperature model from Conservation of Energy (Power in 
W/m''2) considerations and validated it with FladCRUT4 global temp data and AR5 atmospheric GFIG and aerosol 
concentration history since 1850. Our analysis assumed the generally accepted reduction in IR flux leaving the 
atmosphere for doubling C02 concentration was 3.71 W/m''2, and that surface temperature would adjust to 
compensate. We conservatively assumed that all observed FladCRUT4 global surface temperature increase since 
1850 was due to rising atmospheric GFIG and aerosol concentrations and none was due to a likely natural 1000 year 
warming cycle that fits the Roman Warm Period, Medieval Warm Period AND Little ice Age surface temperature 
variations, and that should peak out in about 2100. 

The FladCRLJT4 data and atmospheric GFIG history allowed us to determine Transient Climate Response which was 
an undetermined constant in our simple algebraic model that related surface temperature to atmospheric GFIG 
concentration. Our value for Transient Climate Response is < 1.3C including all climate feedbacks. The generally 
accepted 1.1C warming value for surface temperature increase without climate feedbacks due to doubling C02 
concentration (ie. due only to the 3.71 W/m''2 reduction in outgoing IR flux). This proves with data that climate 
feedbacks have at most, a small positive effect. When natural warming cycle effects in the temperature data are 
considered, climate feedbacks could be negative, or stabilizing. At any rate, there is no cause for climate alarm and we 
estimate <1C additional warming by 2100 (should be beneficial) due to burning all currently known world-wide 
reserves of coal, oil and natural gas. 

Best regards, 

Flal Doiron 

Sent from Yahoo Mail on Android<https://go.onelink.me/107872968?pid=lnProduct 

<https://urldefense.proofpoint.com/v2/url?u=https-3A_go.onelink.me_107872968-3Fpid-3DlnProduct-26c-3DGIobal- 

5Flnternal-5FYGrowth-5FAndroidEmailSig-5F-5FAndroidUsers-26af-5Fwl-3Dym-26af-5Fsub1-3Dlnternal-26af- 

5Fsub2-3DGIobal-5FYGrowth-26af-5Fsub3- 

3DEmailSignature&d=DwMFaQ&c=ApwzowJNAKKw3xye91w7BE1XMRKi2LN9kiMk5Csz9Zk&r=COaKhYUsTOIgrOLD 

D1nNo4vZ8GBmPQV2uSrtXluXYU&m=fKrfmlX7VEb3VFRi3vzgP1DI2vqlGLYNOqqcfhZhFt4&s=xkOYMHioY1eaVvwjh 

w52F3c8XrbMFTPIwnoihBoWDnk&e=> 

&c=Global_lnternal_YGrowth_AndroidEmailSig_AndroidLJsers&af_wl=ym&af_sub1=lnternal&af_sub2=Global_YGrow 
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th&af_sub3=EmailSignature> 


On Sun, Mar 3, 2019 at 8:28 PM, William Mapper 




> > wrote: 


Dear Hal, 


By chance, Tom Wysmuller stopped by my office on Saturday, and I showed him a copy of the attached draft paper 


thatB 


and I hope to finish soon. Tom urged me to send you a copy, even without asking 


permission which I would normally do. If you have time to look it over and provide feedback on how to make it more 


useful to a wider readership, C 


and I would be very grateful. 


We hope to publish the paper in a journal like Reviews of Modern Physics for readers who are not intimidated by 
integral equations or quantum mechanics. But we also hope that it will be useful to smart readers without a lot of 
mathematics background. 


Key parts that require almost no math are Figs. 9-11, which show how little you change the infrared flux leaving the 
Earth if you double the concentrations of C02, N20 or CH4. Table 4 shows the correspondingly small temperature 
changes needed to restore thermal equilibrium if you double the concentrations. 

We would be very pleased to get some feedback. 


Best wishes. 


Will 
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10 pages of non-agency record withheld per 
consultation with NSC 



Tab D 



U.S. Global Change 
Research Program 



SPECIAL REPORT 



Executive Summary 


Fourth National Climate Assessment | Volume! 



On-line at Kcience2pl7.globakl\ange.gov 
Hi rst published 2017 


Recommended Citation „ ,, , mi, 

Wuebbles, D.)., D.W. Fahey. K,A, Hibbard, B. peAngelo. S. Doherty; K. Hayhoe, R. Horton, J.P. Kossm, 

PC. Taylor, A.M. Waple, and C.P. Weaver, 2017: JiV Summary e/ f/.e C/iHiak Seiwicv Special Re}mrt: 

Fourth NaLtal Clmalc Assessment, / [Wuebbie.s, D.J., D.W. Fahey, K.A. Hibbard, DJ, Dokkep, B.C. 

Stewart, and T.K. Maycock (eds.)l. U:S. Global Change Research Program, Washington, DC USA, 26 pp. 


iiiiiigv wivufw ft ‘ 4.1^ 

Front Coven Atmospheric rivers are relatively long, narrow regions in the atmosphere- hke rivers in the 
sky - that transport most of the water vapor outside of the tropic. When an atmospheric nver makes 
landfall, extreme precipitation and flooding can often result. The cover features a natural-color .mage o 
conditions over the northeastern Pacific on 20 Febnrary 2017, helping California and the Amencan West 
emeree from a 5-year drought in stunning fashion. Some parts of California received nearly tw.cre as 
much rain in a single deluge as normally falls in the preceding 5 months (October - February) The ^u- 
alization was generated by Jesse Allen (NASA Earth Observatory) using data from the Visible Infrered 
Imaging Radiometer Suite {VllRS)bn the Suomi National Polar-orbihng Partnership (NPP) satellite. 



CLIMATE SCIENCE 

SPECIAL REPORT 



Executive Summary 

Fourth National Climate Assessment | Volume I 


U S. Global Change 
Research Program 


Volume Editors 


David f. Dokken, US. Global Change Reseairch Pro^ni - 
ICF 

David W. Fahey, National Oceanic and Atmospheric 
Administration 

Kathy A. Hibbard, National Aeronautics and Space 
Administration 


Thomas K. Maycock, Cooperative Institute for aimate 
and Stellites - North Carolina 
Brooke C. Stewart, Cooperative Institute fiar Climate and 
Satellites - North Carolina 

Donald I, Wuebbles, National Science Foundation and US. 
Globa! Change Research Program - University of Illinois 


Scteitce Steering Committee 


Benjamin DeAngelo, National Oceanic and Atmnspheric 
Administration 

David W. Fahey, National Oceanic and Atmospheric 
Administration 

Kathy A. Hibbard, National Aeronautics and Space 
Administration 

Wayne Hig^ns, Department of Commerce 


Jack KayevNational Aeronautics and Space Administration 
Dorothy kodr, Department of Energy 
Russell S. Vose, National Oceanic and Atmospheric 
Administration 

Donald J. Wuebbles, National Science Foundation and U.S. 
Global Change Research Program - University of Illinois 


Subcommittee on Global Change Research 


Ann Bartuska, Chair, Department of Agriculture 
Vir^nia Burkett, Co-Chair, Department ofthe Interior 
Gerald Geernaert, Vice-Ghair, Department of Energy 
Michael Kuperberg, Executive Director, US. Globa! C^iarge 
Research Program 

John Balbus. Department ofHealth and Human Services 
Bill Breed. U.S. Agency for International Development 
Pierre ComizzoU, Smithsonian Institution 
^yne Hi^ns, Department of Commerce 
Scott Harper, Department of Defense (Acting) 


William Hohensteln, Department of Agriculture 

Jack Kaye, National Aeronautics and Space AdminUtratitm 

Dorothy Kodt, Dqjartmcnt of Ene^ 

Andrew Miller, U.S. Environmental Protection Agency 
David Reidmiller. US. Globa! Ghwge Research Program 
Tri^ Talley, Department of State 
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About This Executive Summary 

As a key part of the Fourth National Climate Assessment (NCA4), the U.S. Global Change 
Research Program {USGCRP) oversaw the production of this stand-alone report of the state of 
science relating to climate change and its physical impacts. 

The Climate Science Special Report (CSSR) is designed to be an authoritative assessment 
of the science of climate change, with a focus on the United States, to serve as the founda¬ 
tion for efforts to assess climate-related risks and inform decision-making about responses. 
In accordance with this purpose, it doe? not include an assessment of literature on climate 
change mitigation, adaptation, economic valuation, or societal responses, nor does it in'^ 
dude policy recommendations. 

As Volume 1 of NCA4, CSSR serves several purpo.ses, including providing 1) an updated and 
detailed analysis of the findings of how climate change is affecting weather and climate acrp.ss 
the United States; 2) an executive .summary and 15 chapters that provide the basis for the dis¬ 
cussion of climate science found in the second volume of NCA4; and 5) foundational in forma¬ 
tion and projections for climate change, including extremes, to improve "end-to-end" consisten¬ 
cy in sectoral, regional and resilience analyses within the second volume. CSSR integrates and 
evaluates the findings on climate science and discu-sses the uncertainties associated with these 
findings. It analyzes current trends in climate change, both human-induced and natural, and 
projects major trends to the end of this century. As an as.sessment and analysis of the science, 
CSSR provides important input to the development of other parts of NCA4, and their primary 
focus on the human welfare, societal, economic and environmental elements of climate change. 

Much of the underlying report is written at a level more appropriate for a scientific audience, 
though the Executive Summary is intended to be acxes.sible to a broader audience. 

Report Development, Review, and Approval Process 

The National Oceanic and Atmospheric Administration (NOAA) serves as the administrative 
lead agency for preparation of NCA4. 'I'he CSSR Federal Science Steering Committee (SSC)' has 
representatives from three agencie.s (NOAA, the National Aeronautics and Space Administra¬ 
tion [NASA], and the Department of Energy [DOE]); USGCRP;- and three Coordinating Lead 
Authors, all of whom Were Federal employees during development of this report. Following 
a public notice for author nominations in March 2016, the SSC selected the writing team, con- 
.sisting of scientists representing Federal agencies, national laboratories, universities, and the 
private sector. 


'Ihe CSSR SSC wai ciureed with ovtrscsing the dcvdofvincnt and piT>duciLi,n of the report. SSC membtf ship wii lo all USf 't'KP 

■■■Ihc USOCRP Is maile uprf li l^detaldepirlmcnls a»d agencies that carry out research and suppctl the Nations response to chatty. Ihe 
USOCRP is overseen by ihe Subcommitlw on Global Change Research (SGCH) ol ihc National Science anil iKhnolr^y Councils (.outmtltee on 
Unvironment, Natural Sources, and Sustainability tCliNRS), which in turn is overtcen by the White House f 

ieviosrw ■nieagencies wilhin USGCRP arelhcDcpatimenl of Agriculiore. the lieparlmenlol Commerce (NOAA). the l^artni^t^Deto . 

the Departmcnl ^linerBy.lhcliepartmeni ofHeatlhand Human Services. iSe Depariment ofihe Inicrior. lhc Department of Slate.ibe Department 
of nan^spoTtation, the Knvitonmenial Protection Agency, the National Aeronautics and Space Administration, the Naliona! Science Hsundaiion. the 

SmUhstuhiSA [n&lttuiiuris and the Agtfncy for Developmeni, 
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The first Lead Author Meeting was heid in Washington, DC, in April,2016, io «f.nethe outtae 
contained in the SSC-endorsed prospectus and to make writing ass,gnntents. Over dhe coume 
of 18 months before final publication, seven CSSR drafts were generated^w.th each succe^e 

iteration-ftOT Mm-to sisthearder drafts-undergoing additional expert review by the ^ 

(multiple times), the USCCRP agencies (multiple times), the general public, and the Na onal 
AcadeLes of Sciences, Engineering, and Medicine (NAS).- The final review ° 

CSSR bv the USCCRP agencies occurred in August 2017 under the auspices of e 

ence and Technology Policy (OSTP): OSTP is responsible for the Federal clearance process prior 

to the final report production and public release. 

The Sustained National Climate Assessment 

The Climate Science Special Report has been developed as part of theUSGCRP's sustained Na- 

tional Climate Assessmerit ptDcejis. This process facilitates continuous and transparent partia- 

pation of scientists and stakeholders across regions and sectors, enabling new information and 
Lights to be assessed as they emerge. The Clirna te Science Special Report conducted a compre¬ 
hensive assessment of the science underlying the changes occurring m Earth s climate system, 
with a special focus ort the United States. 


Sources Used in this Report 

The findings in this report are based on a large body of scientific, peer-reviewed researc^^^ 
well as a number of other publicly available source.s, including well-established and careWly 
evaluated observationaland modeling datasets.'fhe team ofauthors carefully reviewed these 
sources to ensure a reliable assessment of the state of scientific understanding. Each source_of 
information was determined to meet the four parts of the quality assurance guidance provid¬ 
ed to authors (following the approach from the Third National Climate Assessment): 11 utility, 

2) transparency and traceability, 3) objectivity, and 4) integrity and security. Report authors 
assessed and synthesized information from peer-reviewed journal articles, technical reports pro¬ 
duced by Federal agencies, scientific assessments (such as the rigorously-reviewed international 
assessments from the Inteigovemmental Panel on Climate Change), reports of the NAS and its 
associated National Research Council, and various regional climate impact a.s.scssments, confer¬ 
ence proceedings, and government statistics (such as population census and energy usage). 


«Au.hor «8pan8«.<ico™n,cni8 8ubn,U.«l« par.of .he Hoblic Comment Period and a USCCIIP response iO.be «e«=w condoe.ed by NAS can be 
found on <scienccini7.globakhange.giw/downloadj>. 
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Treatment of Uncertainties; Likelihoods, Confidence, and Risk Framing 


Throughout this report's assessment of the scientific understanding of climate change the au¬ 
thors have assessed to the fullest extent possible the state-of-the-art understanding of the sci- 
ence resulting from the information in the scientific literature to arrive at conclusions 
as key Findings. The approach used to represent the extent of understanding represented in t 
Key Findings is done through two metrics: 


Confidence in the validity of a finding based on the type, amount, quality, strength, and 
consistency of evidence^such as mechanistic understanding, theorjv data, models^ and 
expert judgment); the skill, range, and consistency of model projections; and the degree of 
agreement within the body of literature. 


Likelihood, or probability of an effect or impact occurring, is based on measures of uncer¬ 
tainty expressed probabilisticallv (based on the degree of understanding or knowledge, 
e.g., resulting from evaluating statistical analyses of observations or model results or on 
expert judgment). 


Assessments of confidence in the Key Findings are based on the expert judpent of the author 
team. Authors provide supporting evidence for each of the chapter's Key Findings m the Trace¬ 
able Accounts. Confident is expressed qualitatively and ranges from low confidence (incon- 
elusive evidence or disagreement among experts) to very high confidence (strong evidence and 
high consensus) (see table on inside of back cover for the full range). Confidence should not be 
interpreted probabilistically, as it is distinct from statistical likelihood. 


In this report, likelihood is the chance of occurrence of an effect or impact based on measures of 
uncertainty expressed probabilistically (based on Statistical analysis of observations or model 
results or on expert judgment). The authors used expert judgment based on the synthesis of the 
literature assessed to arrive at an estirnation of the likelihood that a particular observed effect 
was related to human contributions to climate change or that a particular impact will occur 
within the range of possible outcomes. Model uncertainty is an important contributor to uncer¬ 
tainty in climate projections, and includes, but is hot restricted to, the uncertainties introduced 
by errors in the model's representation of the physical and bio-geochemical processes affecting 
the climate system as well asdn the model's response to external forcing. 

Where it is considered justified to report the likelihood of particular impacts within the range of 
possible outcomes, this report takes a plain-language approach to expressing the expert judg- 
ment of the chapter team, based on the best available evidence. For example, an outcome termed 
"likely" has at least a 66% chance of occurring (a likelihood greater than about 2 of 3 chances); an 
outcome termed "very likely." at least a 90% chance (more than 9 out pf 10 chances). 
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Highlights of the U S. Global Change Research Program 
Climate Science Special Report 


The climate of the United Suites is strongly connected to the changing global climate The statements 
below highlight past, current and projected climate changes for the United States and the globe. 


Global annually averaged surface air temperature has increased by about 1.8“F (1,0 C) over^e ast 115 
years (1901 -201 6 ). This period is now the wannest In the history of modem civilization. The lastfew 
years have also seen record-breaking, climate-related weather extremes, and the last three years have 
been the warmest years on record for the globe. These trends are expected to continue over climate 
timescales. 


This assessment concludes, based on extensive evidence, that it is extremely likely that human activi¬ 
ties, especially emissions of greenhmise gases, are the dominant Cause of the observ^wJ wanning 
since the mld-20th century. For the warming over the last century, there is no convincing alternative 


in addition to warming, many other aspects of global climate are changing, primarily in response to hu¬ 
man activities. Thousamls of studies conducted by researchers around the worid have document- 
^ changes in surface, atmospheric, and oceanic temperatures; melting glaciers; diminishing 
snow cover; shrinking sea ic»; rising sea levels; ocean acidification; and increasing atmospheric 
water vapor. 


For example, global average sea level has risen by about 7-8 inches since 1900, wrth almost half 
(about 3 inches) of that rise occurring since 1993. Human-caused climate change has made a substan¬ 
tial contribution to this rise since 1900, contributing to a rate of rise that is greater than during any 
preceding century in at least 2,800 years. Global sea level rise has already affected the United States; 

the incidence of daily tidal flooding is scci^rating In more than 25 Atlantic and Gulf Coast dties. 


Global average sea levels are expected to continue to rise—by at least several inches in the next 
15 years and by 1-4 feet by 2100. A rise of as much as 8 fwt by 21«) cannot be ruled out Sea level 
rise will be higher than the global average on the East and Gulf Coasts of the United States. 

Changes in the characteristics of extreme events are particularly importaht for human safety, infrastruc¬ 
ture, agriculture, water quality and quantity, and natural ecosystems. Heavy rainfalUs Increasing In 
intensity and frequency across the United States and globally and Is expected to cdntinueto in¬ 
crease. The largest observed changes in the United States have occurred in the Northeast. 
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Heatwaves have become more frequent in the United States sincethe 1960s, white extreme cold 
temperatures and cold waves are less frequent. Recent record-setting hot years are projected to be¬ 
come common in the near future for the United States, as annual average temperatures continue to 
rise Annual average temperature over the contiguous United States has increased by 1.8°? (1.0“C) for 
the period 1901-2016; over the next few decades (2021 -2050), annual average temperatures are 
expected to rise by about 2,S*F for the United States, relattve to the recent past (average from 
1 976-2(K>5), under all plausible hiture climate scenarios. 

The incidents of large forest fires In the wwstem United States and Alaska has increased since 
the early 1980s and Is inrojected to further increase in those regions as the climate changes, with 
profound changes to regional ecosystems. 

Annual trends toward earlier spring melt and reduced snowpackare already affecting water re¬ 
sources in the western United States andthese trends are expected to continue, Under higher scenar¬ 
ios, and assuming no change to current water resources management, chronic, long-duration hydro¬ 
logical drought is increa^ngly possible before the end of this century. 

The magnitude Of climate change beyond the next few decades will depmd primarily on the 
amount of greenhmise gases (especially carbon dioxide) emitted globally. Without major reduc¬ 
tions in emissions, the increase in annual average global temperature relative to preindustrial times 
could reach 9'F (5“C) or more by the end of this century. With significant reductions In emissions, the 
Increase In annual average global temperature could be limited to 3,6°F (2 C] or Ins. 

The global atmospheric carbon dloocide (CO,) concentration has now passed 400 parts per million 
(ppm), a level that last ocoirred about 3 million years ago, wrfiwi both global average tempera¬ 
ture and sea level were significantly higher ttian today. Continued growth in CO, emissions over this 
century and beyond would lead to an atmospheric concentration not experienced in tens to hundreds 
of millions of years. There Is broad consensus that the further and the faster the Earth system is pushed 
towards warming, the greater the risk of unanticipated changes and impacts, same of which are poten¬ 
tially large and irreversible. 


The observed increase in carbon emissions over the past 15--20 years has been consistent with higher 
emissions pathways. In 2014 and 2015, emission growth rates slowed as economic growfii became 
lesscarbon-lntenslve. Even if this slowing trend continues, however, it is not yet at a rate thatvwjuld 
limit global average temperature change to well below 3.6°F (2*G) above prffl'ndustrial levels. 


fteconimended Citation forthe Full Report 

USGCRP, 2017; Glimate Science Specie/ Report:. Fourth National CHimte Assessment, Volume I 
(Wuebbles, D.J., P.W. Fahey, K.A> Hibbard, D.j. Dokken, B.C. Stewart, and T.K. Maycock {ed.s.)j. 
U.S. Global Change Reiiearch Program, Washington, DC, USA, 470 pp. 
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Introduction 

New observations and new research have increased our understandirrg of past, current, and fu¬ 
ture climate change since the Third U3 National Glimate Assessment (NGA3) was published in 
May 2014. This Climate Science Special Report (C^R) is designed to capture that new informa¬ 
tion and build on the exisHng body of science in order to summarize the current state of knowl¬ 
edge and provide the scientific foundation for the Fourth National Climate Assessment (NCA4). 

Since NGA3, stronger evidence has emerged for continuing, rapid, human-caused warming of 
the global atmosphere and ocean. This report concludes that "it is extrem^y i/fe/y that human 
influence has been the dominant cause of the observed warming .since the mid-2Pth century. For 
the warming over the last century, there is no convincing alternative explariatipn supported by 
the extent of the observational evidence." 

The last few years have also .seen record-breaking, climate-related weather extremes, the three 
warmest years on record for the globe, andcontinued decline in arctic sea ice. These trends are 
expected to continue in the future over climate {multidecadal) timescales. Significant advances 
have also been made in our understandiilg of extreme weather events and how they relate to 
increasing global temperatures and associated climate changes. Since 1980, the cost of extreme 
events for the United States has exceeded $1,1 trillion; therefore, better understanding of the 
frequency and severity of these events in the context of a changing climate is warranted. 

Periodically taking stock of the current state of knowledge about climate change and putting 
new weather extrernes, changes in sea ice, increases in ocean temperature.s, and ocean acidifi¬ 
cation into context ensures that rigorous, .scientifically-based information is available to inform 
dialogue and decisions at every level. This climate science report serves as the climate science 
foundation of the NCA4 and is generally intended for those who have a technical background 
in climate science. In this Executive Summary, gray boxes present highlights of the main report. 
These are followed by related points and selected figures providing more scientific details. 

The summary material bn each topic presents the most salient points of chapter findings and 
therefore represents only a subset of the report*s content. For more details, the reader i.s referred 
to the individual chaptere. This report discusses climate trends and findings at several scales: 
global nationwide for the United States, and for ten specific U.S. regions {.shown in Figure 1 in 
the Guide to the Report). A statement of scientific confidence also follows each point in the Ex¬ 
ecutive Summary. Ilie confidence scale is described in the Guide to the Report. At the end of the 
Executive Summary and in Chapter 1: Our Globally Changing Climate, there is also a summary 
box highlighting the most notable advances and topics since NGA3 and since the 2013 Intergov¬ 
ernmental Panel on Climate Change (IPCC) Fifth Assessment Report. 
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Global and U.S. Temperatures Continue to Rise 

Long-term temperature observations are among the most consistent and widespread evidence 
of a warming planet. Temperature (and, above all, its local averages and extremes) affects 
agricultural productivity, energy ijse, human health, water resources, infrastructure, natural 
ecosystems, and many other essential aspects of society and the natural environment. Recent 
data add to the weight of evidence for rapid global-scale warming, the dominance of human 
causes, and the expected continuation of increasing temperatures, including more record-set- 

ting extremes. (Ch. 1) 


Changes in Observed and Projected Global Temperature 

The lonshtwn# end unemWgwHis wanning trend has eoirtlnued dwtag rwnt years, aneetho 

lartNi d*w «***^"»«***“*»«””'*”””d»ashed,a014faeeaai«tMw«mwtye«o«*e*wdgfa>baBy; 
2015 swpasted 2014 by a wdde margin; and 2016 s»B^»a$s«l 2015 . Sb£ta«» of ttia wrnnttt years on 

recoirf for tha gWm oeeuned In tfie last 17 years (1998was tte fflcc^on), (Oi, 1; ES.1) 


• Global annual average temperature (as calculated from instrumental records over both 
land and oceans) has increased by more than 1.2°F (0.65‘’C) for the period 1986-2016 rel¬ 
ative to 1901-1960; the linear regres-sion change oyer the entire period from 1901-2016 
is 1.8°F (1.0“G) {very high conjfidence-. Fig: ES.1). Longer-term climate records over pa.st 
centuries and millerinia indicate that average temperatures in recent decades over 
much of the world have been much higher, and have risen faster during this time peri¬ 
od than at any time in the pa.st 1,700 years or more, the time period for which the glob¬ 
al distribution of surface temperatures can be reconstructed (high confidence). (Ch, 1) 


Globa! Temperatures Continue to Rise 


Global LaivJ and Ooaan Temparatura ^dmalies Surface Temperature Chaafla 



Figure ES.1: (left) Global annual average temperature has increased by more than 1 . 2 *F (0,7"C) for the penod 1986- 
2016 relative to 1901-1^. Red bars show temperatures that ware sijovB ftie 1901-1960 average, and blue bars 
indicate temperalurte below average, (right) Surface temperature change (in “F) for tfw period 1986-2018 f^ve 
to 1901-1960. Gray indicates missing data. From Figures i.2. ant) 1.3 in Chapter 1. 
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• X -■>iEwcutiyeSummarv 

. Many lines of evidence demonstrate that it is extremely likely that human influent has been 
the dominant cause of the observed warming since the mid-20th century. Over the last cen¬ 
tury, there are no convincing alternative explanations supported by the extent of the obser¬ 
vational evidence. Solar output changes and internal natural variability can only contribute 
marginally to the ob^rved changes in elimate over the last century, and there is noconvincing 
evidence for natural tycles in the observational record that could explain the observed c ang- 
es in c\mai6. {Very high confidence) (Ch. 1) 

• The /iJtdy range of the human contribution to the global mean temperature increase over 
the period 1951-2010 is 1.1° to i.4°F (0.6° to 0,8°C), and the central estimate of the observed 
warming of 1 . 2 °F (0.65°C) lies within this range {high confidence). This translates to a likely 
human contribution of 92%-123% of the observed 1951-2010 change. The likely contribuHons 
of natural forcing and internal variability to global temperature change over that period are 
minor {high confidence). (Ch. 3; Fig. ES.2) 

. Natural variability, including El Nino events and other recurring patterns of ocean-atmo¬ 
sphere interactions, impact temperature and precipitation, especially regionally, over times¬ 
cales of months to years. The global influence of natural variabi I ity, however, is 1 imited to a 
small fraction of observed climate trends over decades. {Very high confidence) (Ch. 1) 


Human Activities Are the Primary Driver of Recent Global Temperature Rise 
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Human-caused Solar Volcanic 


Fiflure ES.2: Global annual average radiative farcing change from 1750 to 2011 due tohi^an activities, chang^ in ^ W 
ifi^iance. and volcar^ «nissions. Black bare indicate the uncertainty in each. Radiative fiirang b a 
a factw (such as greenhouse gas ©missions) has fa changing the gldial balawa of making and ^omg 
fofcfags greater than zero (po^ve forefags) pracface dfaiate warming: torangs less faan zero (native 
dimate coding. Over this tsne period, sdar forcing has osditated on approximate^ an 11-^ 

Vtfm* Raddive fordng due to volcanic emissicKis Is always negdive (coding) arfa can be very lage 
significant enadons bulis short-lived. Ovwthe industrial eta, Ite largest voicanfafofdng followed toe eruption of Mt 
SflS-lieWm*). This forcing dedmed to ^4,5 Wim» in 1816, and to near-Mro by 1820. Forcing due tollman 
in contrast, tas beoomfag increasingly positive (wratming) since about 1870, andhragn^ 

1970 Th^ sue dso rts^l variatiwis in terr^ature and dher c*mate vanabtes which operate «i ann^^de^ bmfr 
scales. This natural vaiidsliV contriditK very little to dimate trends over decades and lon^. Smfalifod from Figure 2.&m 
Cha(3ter2. Sae Chapter 2 for more dsteife. 


j.,.'iiif'OiyrtI '■ . i ricI 1? ht*>t'o-11‘*--f‘ li f ‘f 
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Global climate is projected to continue to di^ge over this century and beyond The ma^i- 

tude of climate change beyond the next few decades will depend primarily on the amount of 

greenhouse (heat-trapping) gases emitted globally and 

sensitivity of Earth's climate to those emissions (ucry high confidence). With significant reduc 
tioiis in die emissions of greenhouse gases, the global annually averaged temperature nse 
could be limited to 3.6»F (2“C) or less. Without major reductions in these emissions, the in¬ 
crease in annual average global temperatures relative to preindustrial times could reach 9°F 
(5“C) or more by the end of tiiis century. (Gh. 1; Fig. ES.3) 


. If greenhouse gas concentrafioris were stabilized at their current level, existmg concentrations 
would commit the world to at least an additional l.rF (0.6°C) of warming over this century 
relative to the last few decades (high confidence m continued warming, medium confidence m 

amount of warming. (Ch. 4) 


Fouith National Climate Assessment Volume I 
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Scenarios Used in this Assessment 

Projecttons of future climate coriditions use a range of plausible future scenarios, Consistent with previous 
practice, this assessment relies on scenarios generated for the Intergovernmental Panel on Oimate Change 
(|PCC).The iPCC completed Its last assessment in 2013-2014, and its projections were based on updated sce¬ 
narios, namely four“r€presentative concentration pathways” (RCPs).The RCP scenarios are numbered accord¬ 
ing to changes In radiative forcing in 2100 relative to preindustrial conditions: +2.6, +4.5, +6.0 and +8.5 watts 
per square meter (W/m>). Radiative forcing is a measure of the Influence a factor {such as greenhouse gas 
emissions) has in changing the global balance of incoming and wjtgdng energy. Absorption by greenhouse 
gases (GHGs) of infrared energy radiated from the surface leads to vvarming of the surface and atmo^here. 
Though multiple emissicms pathways could lead to the same 2100 radiative forcing value, an associated path¬ 
way of COj and other human-cauwd emissions of greenhouse gases, aerosols, and air pollutants has been 
selected for each ftCP. RCW,5 implies a future with continued high emissions growth, whereas the other RCPs 
represent different pathways of mitigating emissions. Figure ES.3 shows these emissions pathways and the 
corresponding projected changes in global temperature. 



Greater Emissions Lead to Significantly More AA/arming 
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Projected Global Temperatures 



Flaura ES 3: The two panels above show annual histotkal and a range of plaustole future carbon emissions in 
unite of gigatons of carbon (GtC) per year (left) and the hstoitca! reserved and future temperature change th« 
woufd result for a rang© of future scenarios relative to the average, based on ^e estimat© 

(lines) and a rar^e (shaded arew, two standard dewaSons) as simulated by the full suite of CMIP5 gtot^ 
climate models (rigM), By 2081-2100, the projected range in tfobal mean temperature change is 11 ^.3 f 
under the even lower scenario {RCP2.6; 0.6*-2 4*C, green). 2:4*-S.9‘F under the lower apenarw (RCP4.5: 
1 3’-^ 3'G blue) 30°-.6.8''F undertlw mid-high scenario (RCP6.0; 1.6°-3.8"C, not shown) and 5.0^-10.2 F 
under higher scenario (RCP8 5: 2 .a”-. 6 . 7 ’C, orange). See tee main r^rt for mwe details on these sce¬ 
narios and impiic^ons. Based on Figurs 4.1 in Chap/a/' 4. 
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Executiw Summary | 

Changes in Obserwed and Projected U.S. Temperature 

ffntHi«1n««w*g*«MaperatiOTciwrtiieamtiguoiis United States has inoewed by 1.yF0.Q*q for the 

ptfiod 1901^2016 and te pi pjac t i id to continue to Hw. Mgb csnMence). (Chi 6; iW) 


• Annual average temperature over the contiguous United States has increased by {0.7“G) 

for the period 1986-2016 relaHve to 1901-1960 and by 1.8‘’F (1.0"G) based on a linear regres¬ 
sion for the period 1901-2016 (ucry high confidence). Surface and satellite data are consistent 
in their depiction of rapid warming since 1979 {high confidence). Paleo-temperature evidence 
shows that recent decades are the vyarmesl of the past 1,500 years confidence). (Ch. 6) 

• Annual average temperature over the contiguous United States is projected to rise (wry high 
confidence). Increases of about 2.5°F (1.4°C) are projected for the period 2021-2050 relative to 
the average from 1976-2005 in all RCP scenarios> implying recent record-setting years may 
be "common" in the next few decades {high confidence). Much larger rises are projected by 
late century (2071-2100): 2.8“-7.3“Fil.6“-4.rG) in a lower scenario (RCP4.5) and 5.8‘’-11.9“F 
(3.2®-6.6°G) in a higher scenario (RCP8i5) (ft confidence). (Ch, 6; Fig, ES.4) 

. In the United States, the urban heat island effect results in daytime temperatures 0.9°-7.2»F 
(05«-4.0‘’C) higher and nighttime temperatures 1.8''- 4.5“F (1.0'’-2.5“C) higher in urban areas 
than in rural areas, with larger temperature differences in humid regions (primarily in the 
eastern United States) and in cities with larger and denser populations. The urban heat island 
effect will strengthen in the fubire as the structure and spatial extmt as well as population 
density of urban areas change and grow (high confidence). (Gh. 10) 
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I Executive Summary 


Significantly More Warming Occurs Under 
Higher Greenhouse Gas Concentration Scenarios 


Mid 21st Century 



Late 21st Century 

Lower Scenario (RCP4.5) ' Higher Scenario (RGPS.S) 





Change in Temperature (T) 

2 4 6 

Figure ES.4: Three maps show the projected changes m annual average temperatures for mid- and l^-21st century 
for two future pathways. Charges are the differerwes between Uie average projected temperatures t^tnicLwn^ry 
(2036-2065; top), and late-centuiy (2070-2069; bottom), arvd those observed for the near-present (1976-2005). See 
Figure 6 T in Chapter 6 for mae details. 


Many Temperature and Precipltaticm Extremes Are Becoming More Common 

Temperature and precipitation extremes can affect water quality and availability, agricultural 
productivity, human health, vital infrastructure, iconic ecosystems and species, and the like¬ 
lihood of disasters. Some extremes have already become rriore frequent, intense, or of longer 
duration, and many extremes are expected to continue to increase or wor^n, prer^nting .sub¬ 
stantial challenges for built, agricultural, and natural systems, Some storm types such as hurri¬ 
canes, tornadoes, and winter storms are also exhibiting changes that have been linked to climate 
change, although the current state of the science does not yet permit detailed understanding. 


;.»■ Gti'ibaIC.nnr.a* 1': 
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Executive Summary j Si .t n*'.-? : 

Observed Changes in Extremes 

Thwe hm bent maiind changes to CempentiHe extremes aooss the contig^ Sti^ 

TfM mmiber ef high teoimMuie leetods set to tlra past twm decades ^ exoNKis the tumiber^ low 
tmipeiature records. eenAlenc^tCb. 6, Rg. ES5} 


• The frequency of cold waves has decreased since the early 1900s, and the frequency of heat 
waves has increased since the mid-1960s (the Dust Bowl era of the 1930.S remains the peak 
period for extreme heat in the United States). {Very raii^iderice). (Ch. 6) 

• The frequency and intensity pf extreme heat and heavy precipitation events are increasing in 
most continental regions of the world {very hl^h confidence). These trends are consistent with 
expected physical respon-ses to a warming climate. Climate model studies are also consistent 
with these trends, althcHigh models tend to underestirnate the observed trend.s, especially for 
the increase in extreme precipitation events {very high confidence iox temperature, high confi¬ 
dence for extreme precipitation). (Ch. 1) 

Record Warm Daily Temperatures Are Oecurring More Ofteri 



Year 


Figure ES.S: ^»erved ctianges in tiie occurrence of record-setting daily temperatures in the contiguous United States. 
Red bars indicate a year wiUi more daily record highs than daily record lovvs, while blue bare indicate a year with more 
record lows than highs. The height of the bar indicates die ratio of record highs to lows (red) or of record lows to highs 
(blue). For example, a ratio of 2:1 fora t^ue bsx' means that foere were twice as many record daily lows as daily record 
highs that year, (Figure source: NOAA/NCEI}. From Figure $.5 in Chapter 6. 


-.'ol.-tisc' i- 
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firpXJll I E)%(ut)ve Summary 


Heavy ptedpHatfon events bi mMt parts of the Uidted »ates have fnaeased In both Intensity and 
fteqiHKicy sbm 1W1 (Afpft cwifidwKej.Tliwe we important regiorad dHfeiences In trefids,Addi the 
largest hicraases occurring in tl» northeastern United States {filgh con/Wwie*). {Ch*7|Flg. £$■$) 


Extreme Precipitation Has Increased Across Much of the United States 


5-yr Maximum Daily Pnecip’rtation 99th Percentile Precipitation 



Number of S-yr, 2 Day Events Number of 5-yr. 2 Day Events 



Change (%) 

^ 0-9 10-19 20-29 30^ 40+ 


Figure ES.e: Hrese maps show the percentage dtange in several metrics of extreme predpitalion by NGA4 region, 
inciutjing {upper left) the maximum daily precipitation in djnsecutive B-year periods; (uppartightjtheamoontofprecipi- 
tation falling in daily events that exceed the 99th ^ccentile of all non-zero prei^tatton days (top 1% of all da^y predrx- 
tation events); (lower left) die number of 2-day events with a praapitatlon total exceeding the largest 2-day amount that 
is exper^d to odxir, on average, only once every 5 yeans, as calculated over 1901—2016; and (lower right) the number 
of 2-day events Vi^ a predpitattcm total exceeding the largest 2-d3y ammini that Is expected to occur, on average, only 
once every 5 years, as calculated over 19S8-2016. The number in eadi black circle is the percent chaige over the 
entire period, ather 1TO1-2016 or 1958-2016. Note tiiat Alaska and Hawaii ate not included in tile 1901-2016 
ovwng to a lack of observations in tiie earlier part of tiie 2Dth cwstury. (Figure source; CICS-NC/ NOAA NCEI). Based 
on figure 7i.4 in Chapter?. 


GlutJSi '■ Isnniiji/ fiifSAar;,' .il!; 
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• ReCCTit droughts and aviated heat waves have reached record intensity in some regions 
of the United States; however, by geographical scale and duration, the Dust Bowl era of the 
1930s remains the benchmark drought and extreme heat event in the historical record* {Very 
high confidence) (Ch, 8) 

• Northern Hemisphere spring snow cover extent. North America maximum snow depth, 
snow water equivalent in the western United States, and extreme snowfall years in the south¬ 
ern and western United States have all declined, while extreme snowfall years in parts of the 
northern United States have increased. {Medium confidence). (Ch. 7) 

• There has been a trend toward earlier snowmelt and a decrease in snowstorm frequency 
on the southern margins of climatologically .siiowy areas {medium confidence). Winter .storm 
tracks have shifted northward since 1950 over the Northern Hemisphere {medium confidence). 
Potential linkages between the frequency and intensity of severe winter storms in the United 
States and accelerated warming in the Arctic have been postulated, but they are complex, and, 
to some extent, contested, and confidence in the connection is currently low. (Ch. 9) 

• Tornado activity in the United States has become more variable, particularly over the 2000.s, 
with adectease in the number of days per year with tornadoes and an increase in the number 
of tornadoes on these days {medium confidence). Confidence in past trends fbr hail and severe 
thunderstorm winds, however, is /eii* (Gh. 9) 

Projected Changes in Extremes 

• The frequency and intensity of extreme high temperature events are virtually certain to increase in 
die future as gldjal temperature inaease.s (fti^h confiden(x). Biiteme precipitation events will uen/ 
likely continue to increase in frequency and jntensi^ throu^out mcfeT of the world (fngft confidence). 
Observed and projected trcnd.s for some other types of extreme events such as flOod.s, droughts, 
and severe storms, have more variable regional characteristics. (Ch. 1) 

Extrwne tampaurturK in the ccmtlguotts Unltod States mre pro^Kted to IncreaM even more than 
avenge tcmperatoresfwiyhfgh conManU)^ (Cb,6) 

• Both extremely cold days and extremely warm days are expected to brecome warmer. Cold 
waves are predicted to become less intense while heat waves will become more intense. The 
number of days below freezing is projected to decline while the number above 90°F will rise, 
(Very high confidence) (Ch. 6) 

• The frequency and intensity of heavy precipitation events in the United States are projected 
to continue to increase over the 23st century (/ifgft confidence). There are, however, import¬ 
ant regional and .seasonal differences in projected change.s in total precipitation; the northern 
United States, including Alaska, is projected to receive more precipitation in the winter and 
spring, and parts of the southwestern United States are projected to receive less precipitation 
in the winter and spring {medium confidence). (Ch. 7) 
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The frequency and severity of landfalling ''atmospheric rivers" on the U.S West Coast^ar- 
row streams of moisture that account for 30%^0% of the typical snowpack and annual pre¬ 
cipitation in the region and are associated with severe flooding events) wilhncrea.se as a result 

oHncreasing evaporation and resulting higher atmospheric water vapor that occurs with in¬ 
creasing temperature. (Mcdiion confidence) (Ch. 9) 

Projections indicate large declines in snowpack in the western United States and shifts to 
more precipitation falling as rain than snow in the cold season in many parts of the central 
and eastern United States (ft# confidenceliCh. 7) 

Substantial reductions in western U.S. winter and spring snowpack are proje^d as the cli¬ 
mate warms. Earlier spring melt and reduced snow water equivalent have been 
attributed to human-induced warming (ft# confidence) and will very likely be exacerbated as 
the climate continues to warm (r;ery ft# coifdence). Under higher scenarios, arid assurnmg no 
chatige to current water resources management, chronic, long-duration hydrological drought 
is increasingly possible by the end of this century (i-eri/ ft# confidenceUCh. 8) 


flfceiy M Ute wwws onderttia Mglw seanarlos. owtffdBW*) (Ch. 8) 


The human effect on recent major U.S. droughts is complicated. Little evidence is found for 
a human influence on observed precipitation deficits, but much evidence is found for a hu¬ 
man influence on surface soil moisture deficits due to increased evapotranspiration caused by 
higher temperatures. (High confidence) (Ch. 8) 

The incidence of large forest fires in the western United States and Alaska has increased since 
the early 198Ps (ft# cpn/ide«ce) and is projected to further increase in those region-s as the cli- 
mate warms, with profound changes to certain ecosystems (medium confidence). (Ch. 8) 

Both physics and numeriGal modeling simulations generally indicate an increa.se in tropical 
cyclone intensity in a warmer world, and the models generally show an inaease m the num¬ 
ber of very intense tropical cyclpnes. For Atlantic and eastern North Pacific hurricanes and 
western North Pacific typhoons, increases are projected in precipitation fates (ftigft confidence) 
and intensity fmed/wm confidence). The frequency of the most intense of these storms is pro¬ 
jected to increase in the Atlantic and western North Pacific {/ew confidence) and in the eastern 
North Pacific (iHediMin confidence). (Ch. 9) 


\ > % Ui0^55i CJ'tA f) Clr* AJ JI ^ .1 '5 klut 
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Executive Summary | 

Box ES.liThe Connected Climate System: Distant Changes Affect the 
United States 

Weather conditions and the ways they vary across regions and over the course of the year are influenced, 
in the United States as elsewhere, by a range of factors, including local conditions (such as topography and 
urban heat islands), global trends (such as human-caused warming), and global and regional circulation pat¬ 
terns, including cyclical and chaotic patterns of natural variability within the climate system. For example, 
during an El Nino year, winters across the southwestern United States are typically wetter than average, and 
global temperatures are higher than average. During a la Niha year, conditions acrossthe southwestern Unit¬ 
ed States are typically dry, and there tends to be a lovwring of global temperatures (Rg. ES.7). 

El NIhois not the only repeating pattern of natural variability in the climate system. Other important patterns in¬ 
clude the North Atlantic Oscillation (NAO)/Northern Annular Mode (NAM),wdiich particularly affects conditions 
on the U,S. East Coast, and the North Pacific Oscillation (NPO) and Pacific North American Pattern (PNA), which 
especially affect conditions in Waska and the US. West CtastThese patterns are closely linked to other atmo¬ 
spheric circulation phenomena like the position ofthe jet streams. Charvges in the occurrence of these patterns 
or their properties have contributed to recent U.S. teniperature artd preclpitatiori trer«fs (medn/m corjffderrce) 
although confidence is tow regarding the size of toe role of human acUvities in these changes. (Ch. S) 

Understanding the full scope of human impacts on climate requires a global focus because ofthe intercon¬ 
nected nature of the climate system. For example, the climate of the Arctic and the climate of the continental 
United States are connected throucto atmospheric circulatiori patterns. While the Arctic may seem remote to 

most Americans, the climatic effects of perturbattons to arctic sea Ice, land ice, surface temperature, snow cov- 

er, and permafrostaffecttoeamount of warming, sea level change, carboncycle impacts, and potentially even 
weather patterns in the lower 48 states. The Arctic is warming at a rate a w>foximately twice as fast as the glob¬ 
al average and, if it continues to warm at the same rate, Septembers will be nearly ice-free in the Arctic Ocean 
sometime between now and the 204ps (see Fig. ES.10).The important influence of arcticclimate change on 
Aladca is apparent: the influenceof arctic changes on U.S. weatheroverthe coming decades remains an open 
question with the potential for significant impact. (Gh. 11) 

'i 

Changes in the Tropics can also impact the rest of the globe, including the United States. There is ^wing 
evidence that the Tropics have expanded poleward by about 70 to 200 miles in each hemisphere over the 
period 1979-2009, with an accompanying shift of the subtropical dry zones, mid|atitude Jets, and storm backs 

(med/wm tohrgfJ 

confidence is presently low regarding toe magnitude of the human contribution relative to natural variability 
(Ch.5), 

(continued oh next page) 
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Box £S.1 {continued) 


Large-Scale Patterns of Natural 
Variability Affect U S. Climate 

Typical E! Niflo Winters 



storm track 


Typical La Nifla Wint^ 



Figure ES.7: This figure illustrSlBs the typical January^March weather anomalies and atmospheric dituiation 
during moderate to strtmg (top) El Nirio and (b(^tc»n) La Niha. ITiese influences over the Ureted States often occur 
moststrangly during die cold season. Fram figure 5.2 m Chapters. 
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Oceans Are Rising, Warming, and Becoming More Acidic 

Oceans occupy two-thirds of the planet's surface and host unique ecosystems and s^ies, in¬ 
cluding those important for global commercial and subsistence fishing. Understanding climate 
impacts on the ocean and the ocean's feedbacks to the climate system is critical for a compre¬ 
hensive understanding of current and future changes in climate. 

Global Ocean Heat 

The wKwW^oceans Iwwabsortwd of the«itce» hert caused by gwmtiKHiwflas wani^ 

tinea the fldd-ZOtilcantitfy, B^ngdwin wamwa’andnltefliig gMrtiand regtenel dimrtefM^Mdo. 
{Vary high conffdeme) (Ch. 13) 

• Ocean heat content has increased at all depths sirice the 1960s and surface waters have warrrred 
by about 1 •3“ ± 0.1 “F (0.7“ ± 0.08‘’C) per century globally since 1900 to 2016. Under higher 
scenarios, a global increase in average sea surface temperature of + 1.3"F {2.7" ± 0.7"C) is 
projected by 21(H). (Very high confidence). (Ch. 13) 

Global and Regional Sea Level Rise 

BiMm SM lovdiOUISL) has risen ^dMut T-4 Inches fabotA 16-21 on) tinee 1900, with about 

3 of those Inches (d>Mrt7 on) oecwbig since 1993 (wfyW^ow*^Wi«c«). (Ch. 1^ 

• Human-caused cl iniate change: has made a substaritia! contribution to GMSL rise since 1900 
{high confidence), contributing to a rate of rise that is greater than during any preceding centu¬ 
ry in at least 2,800 years (merfii/m coji/idcuce). (Ch. 12; Fig. ES.8) 

• Relative to the year 2000, GMSL is very likely to rise by 0.3-0,6 feet (9-18 cm) by 2030, 0.5-1.2 
feet (15-38 cm) by 2050, arid 1.0-4.3 feet (30-130 cm) by 2100 (very high confidence in low¬ 
er bounds; medium confidence iri upper bounds for 2030 and 2050; Iout confidence in upper 
bounds for 2100). Future ernissions pathways have little effect on projected GMSL ri.se in the 
first half of the century, but significantly affect projections for the secorid half of the century 
(high confidence). (Ch. 12) 
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Recent Sea Level Rise Fastest for Over 2,000 Years 



Figure E5.8: The top panel shows observed and reconstructed rnesn sea teVel for the last 2.SOO years. The bottom 
panel shows project^ tnean sea level for six future scenarios. TTie six scenarios—panning a range designed to inform 
3 variety of decision makers—ext^ from a low sc^arto, consistent with continuation of the rate of Sea level rise oyer 
the last quarter century, to an extreme scenario, assuming rafrid mass loss from ttte Antardic ice sheet. Note that the 
range on the vertical axis in the bottom graph is ajiH^oXimateiy ten times greater than ih the td> graph. SeSed on Figure 
12.2 and 12.4 in Chaptar 12. Sea ffteme/n report for more defa//s, 



• Emerging science regarding Antarctic ice sheet stability suggests that> for higher scenarios, a 
CMSL rise exceeding 8 feet (2.4 m) by 2100 is physicaily possible, although the probability of 
such an extreme outcome cannot currently be assessed. Regardless of emis.sion pathway, it is 
extremely likely that CMSL rise will continue beyond 2100 (,hi^h confidence). {Ch. 12) 

• Relative sea level rise in this century will vary along U.S. coastlines due, in part, to changes in 
Earth's gravitational field and rotation from melting of land ice, changes in ocean circulation, 
and vertical land motion (very high confidence). For almost all future GMSL ri.se .scenarios, rel¬ 
ative sea level rise is likely to be greater than the global average in the U S. Northeast and the 
western Gulf of Mexico. In Intermediate and low GMSL rise .scenarios, relative sea level rise is 
likely to be less than the global average in much of the Pacific Northwest and Alaska. For high 
GMSL rise scenarios, relative sea level rise is likely to be higher than the global average along 
all U.S. coastlines outside Alaska. Almost all U.S. coastlines experience more than global mean 
.sea level rise In response to Antarctic ice lps.s, and thus would be particularly affected under ex¬ 
treme GMSL rise scenarios involving substantial Antarctic mass lo.s,s (high confidence). (Ch. 12) 
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Coastal Flooding 

• As sea levels have risen, the number of tidal floods each year that cause minor impacts (also 
called "nuisance floods") have increased 5- to 10-fold since the 1960s in ^veral U S. coastal 
cities (yery high confidence). Rates of increase are accelerating in over 25 Atlantic and Gulf 
Coast cities (yen//li^li conyirfence). Tidal flooding will continue increasing in depth, ftequency, 
and extent this century {very high confidence), (Ch. 12) 


"Nuisance Flooding" Increases Across the United States 



Figure ES. 9; Annual occurrences of tidal floods (days per year), also called sunny-tlay or nuisance flooding, have 
increased for some U.S. coastal dties. The figure shows historical exceedances (orange bare) fer two of the locations— 
Gharleston. SC and'San FranciscOi CA—arri firture prelections trough 2100. The projections are based upon the con¬ 
tinuation of the histor«a! trend (blue) and under median RCP2.6,4,5 and 8.5 conditions. From Figure 12.5. Chapter 12. 

* Assuming storm characteristics do not change, sea level rise will increase the frequency and 
extent of extreme flooding associated with coastal storms/such ashurricanes and nor’easters 
(very high confidence). A projected increase in the intensity of hurricanes in the North Atlari- 
tic {medium confidence) could increase the probability of extreme flooding along most of the 
U.S. Atlantic and Gulf Coast .states beyorid what would be projected ba^d solely on relative 
sea level rise. However, there is low confidence in the projected increase in frequency of in¬ 
tense Atlantic hurricanes, and the associated flood risk amplification, and flood effects could 
be offset or amplified by such factors, such as changes in overall storm frequency or trades. 
(Ch.l2; Fig. ES. 9) 

Global Ocean Circulation 

• The potential slowing of the Atlantic meridional overturning circulation (AMOC; of which 
the Gulf Stream is one component)—as a result of increasing ocean heat content and fresh¬ 
water-driven buoyancy change.s—could have dramatic climate feedbacks a.s the ocean ab¬ 
sorbs less heat and GO^ from the atmosphere. This .slowing would also affect the climates of 
North America and Europe. Any slowing documented to date cannot be directly tied to hu¬ 
man-caused forcing, primarily due to lack of adequate observational data and to challenges 
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in modeling ocean cirhalatioh changes. Under a higher scenario (RGP8.5), models show that 
the AMOC weakens over the 21 st century {loiv confidence). (Ch. 13) 

Global and Regional Ocean Acidification 

ThawoHd^oeeans aiBCWiwtlly abaortoMi mere tfian a quarter of th« COiomJtted tothoatiB^^ 

annuBiiy from himiHi activities, making them more addle {very Mgh confWeoee), with potential 
detdmantei Impacts to RWHfiiw ecosystems. (Ch. 13) 


• Higher-latitude systems typically have a lower buffering capacity against changing acidity, 

exhibiting seasonally corrosive conditions sooner than low-latitude systems. Ilie rate of acid¬ 
ification is unparalleled in at least the past 66 million years ro/i/dcncc). Under the 

higher .scenario (RCP8:5), the global average surface ocean acidity is projected to increase by 
I009f- to 150 % {higk confidence), {Ch. 13) 

• Acidification is regionally greater than the global average along U.S. coastal systems as a 
re-sult of upwelling (e.g., in the Pacific Northwe.st) CPH^dcnw:), changes in freshwater 
inputs (e.g., in the Gulf of Maine) (mcdiKWi confidence), and nutrient input {e.g., in urbanized 
estuaries) (ftigfi confidence). (Ch. 13) 

Ocean Oxygen 

• Increasing Sea surface temperatures, rising sea levels, and changing patterns of precipitation, 
winds, nutrients, and ocean circulatibn are contributing to overall declining oxygen concen¬ 
trations at intermediate depths in various ocean locations and in many coastal areas. Over 
the last half century, major oxygen Ios.ses have occurred in inland sea.s, estuaries, and in the 
coastal and open ocean {high confidence). Ocean oxygen levels are projected to decrease by as 
much as 3.5% under the higher scenario (RCP8.5) by 2100 relative to preindustrial values {high 
confidence). (Ch. 13) 

Climate Change in Ala^ and aaoss the Arctic Continues to Outpace Global Climate 
Change 

Residents of Alaska are ort the front lines of climate change. Crumbling buildings, roads, and 
bridges and eroding .shorelines ate commonplace, Accelerated melting of multiyear sea ice 
cover, mass loss from the Greenland Ice Sheet, reduced .snow cover, and permafrost thawing 
are .stark examples of tfie rapid changes occurring in the Arctic, Furthermore, because elements 
of the climate system are interconnected (see Box ES.l), changes in the Arctic influence diniate 
conditions outside the Arctic. 
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Arctic Temperature Increases 

Anngal searage nasr^surfece afar t«n|Maature> aoass MmIu and the Arcttc hava bKiaased over 
the last 50 years at a rate imre than twite as test as the gkM avaraga ten^wtatiira. (Itery tegfa 
confidence) (Ch. 11) 

• Rising Alaskan permafrost temperatures are causing permafrost to thaw and become more 
discontinuous; this process releases additional carbon dioxide and methane resulting in ad¬ 
ditional warming {high confidence). The overall magnitude of the permafrost-Gaibon feedback 
is uncertain (Ch.2); however, it is clear that these ernissions have the potential to compromise 
the ability to limit global temperature increases. (Ch. 11) 

• Atmospheric circulation patterns connect the climates of the Arctic and the contiguou-s United 
States. Evidenced by recent record warm temperatures in the Arctic and emerging science, 
the midlatitude circulation has influenced observed arctic temperareres and sea ice [high con¬ 
fidence). However, confidence is low regarding whether or by what mechanisms observed 
arctic warming may have influenced the midlatitude circulation and weather pattem.s over 
the continental United States. The influence of arctic changes on U.S. weather over the coming 
decades remains an open question with the potential for significant impact. (Ch, 11) 

Arctic Land ice Loss 

• Arctic land ice loss observed in the last three decades continues, in some cases accelerating 
[very hi^t confidence). It is yirfuel/y rerfsifi that Alaska glaciers have lo.st ma.s.s over the last 50 
years, with each year since 1984 showing an annual average ice mass less than the previous 
year. Over the satellite record, average ice mass loss from Greenland was-269 Gt per year 
between April 2002 and April 2016, accelerating in recent years [high confidence). (Ch. 11) 

Arctic Sea Ice Loss 

Stoee the Mviy iMOs^aimitid average atctk see ice has (teoeased hi ectent between 3Jm and 4.1% 
par deader has become thinner by between 43 73 teet, and Is meidng at Inst 15 mna days 

cadi year.SaptembersninaxteiWiMsdacraasad between 10.7% and 15.9% per daeadc. [VgryUgb 
aHrfidsfice} (Ch. 11} 

• Arctic sea ice loss is expected to continue through the 21 st century, wry /ite/y resu Iting in near¬ 
ly sea ice-free late summers by the 2040s (wry high confidence). (Ch. 11) 

• It is very likely that human activities have contributed to observed a rctjc surface temperatu re 
warmingj .sea ice los.s, glacier mass loss, and northern hemisphere snow extent decline (high 
confidence). (Ch. 11) 
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MuHiyear Sea Ice Has D^lined Dramatically 



I .0 


■K gjope>'-i3,3%±2.6%per<tecacfe 

a . 197&-2016 mean s 2,42 miWon sq. miles 
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Fisur* ES.10; Septsmber sea ice extent and age shown for (top) 1984 and (middle) 2016. illustrating significant re- 
ductirms In sea ice extent and age (ditckness). The bar graph in the lower right of each panel illustrateB the sea ice 
area (unit m^lidn km^ covered wifojn each age category (> 1 year), and tie green bare represent the maximum extent 
for each age range dimng the record. The yev 1984 is representative of September sea ice charactehstcs durir^ the 
1980s. The years 1984 and 2016 are selected as endpoints In the tme senes: a movie bfthe complete time series is 
available at http:f/sv$.9sfo.na$a.gov/cgi-bin/detail$.cgi?aid=4489. (bottom) The satelliteHera arctic sea ice areal extent 
trend from 1979 to 2016 for S^tember (unit; million mi*). From Figure 11.1 in Otapter 11. 
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Limiting Globally Averaged Warming to 2°C (S^dT) Will Require Major Reductions in 
Emissions 

Human activities are now the dominant cause of the observed trends in climate. For that reason, 
future climate projections are based on scenarios of how human activities will continue to affect 
the climate over the remainder of thi.s century and beyond (see Sidebar: Scenarios Used in this 
Assessment). There remains significant uncertainty about future emissions due to changing 
economic, political, and demographic factors. For that reason, this report quantifies possible 
climate changes for a bread set of plausible future scenarios through the end of the century. (Ch. 
2,4,10,14) 


The obswvad kKnase in gloM carbon eflibslons orar the past 15-20 yiws h« bam emristant 
with hii^m’scawrlos (•«., R983) (vwy ^ cwiffdcnee). tn 2014 end 2015r«nbshin growth rates 
slowed aseemimnie growth beoHne less c«l>an*inten^ (medhiin ON^mec). Even if tMs slowing 
tnnd cmtdniMS, however, it Is nM ^ at a rate that vrauld Jindt the increase In dw i^obri average 
tenqiefatiaetoweU below 3,6*f (2^ riKwe iHaindushriai levals (Ch.4) 


• Global mean atmospheric carbon dioxide (GO,) concentration has now passed 400 ppm, a lev¬ 
el that last occurred about 3 million years ago, when global average temperature and level 

were significantly higher than today (fti^/z confidence). Continued growth in COj emissions 
over this century and beyond would lead to an atmospheric concenlratioh not experienced in 
tens of mill ions of years (medium confidence). The present-day emissions rate of nearly 10 GtC 
per year suggests that there, is no climate analog for this century any time in at least the last 50 
million years (medtwm co;i/irfe»iee). (Gh. 4) 

• Warming and associated climate effects from CO, emissions persist for decades to millen¬ 
nia. In the near-term, changes in climate are determined by past and present greenhou.se gas 
emissions modified by natural variability. Reducing net emissionsdf CO, is neces.sary to limit 
near-term climate change and long-term warming. Other greenhou.se gases (e.g„ methane) 
and black carbon aerosols exert stronger warming effects than CO, on a per ton basis, but 
they do not persistas long in the atmosphere (Ch. 2); therefore, mitigation of non-GO, species 
contributes substantially to near-term cooling benefits but cannot be relied upon for ultimate 
stabilization goals. (Very high confidence) (Ch. 14) 


OirieK made today datcmdiio ttw awgnftiide dbnate diango riskc beyond tfw next few 
decad«.(Ch.4,14) 


• Stabilizing glc^al mean temperature to less than 3.6°F (2°C) above preindustrial levels requires 
substantial reductions in met global CO, emissi(wrs prior to 2040 relative to present-day values and 
likely requires net emissions to become zero or possibly negative later in the century. After ac¬ 
counting for the temperature effects of non-CO, spedes, cumulative gtc^al CO 2 emissions must 
stay below about 800 GtC in orderto provide a two-thiids likelihood Of preventing 3.6®F (2°C) of 
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warming. Given ^-timated cumulativeemissions since 1870, no more than approximately 230 GC 
may be emitted in the future in order to remain under this temperature limit. Assuming global 
emissions are equal to or greater than those consistent with the RCP4.5 scenario, this cumulative 
carbon threshold would be exceeded in approximately two decades. (Ch. 14) 

• Achieving global greenhouse gas emissions reductions before 2030 consistent with targets 
and actions announced by governments in the lead up to the 2015 Paris climate conference 
would hold open the possibility of meeting the long-term temperature goal of limiting glob¬ 
al warming to 3,6°F (Z^G) above preindustriai levels, whereas there would be virtually no 
chance if net global emissions followed a pathway well above those implied by country an- 
nouneements. Actions in the announcements are, by them.selves, insufficient to meet a 3.6°F 
{2"C)goal; the likelihood of achieving thatdepends strongly on the magnitude of global emis¬ 
sions reductions after 2030. {High confidence) (Ch. 14) 

• Climate intervention or geoengitieering strategies such as solar radiation management are 
measures that attempt to limit or reduce global temperature increases. Further assessments 
of the technical feasibnities, costs, risks, co-benefits, and governance challenges of climate 
intervention or geoengineering strategies, which are as yet unproven at scale, are a nec^sary 
step before judgments about the benefits and risks of these approaches can be made with high 
confidence. confidence) (Ch^ 14) 

• In recent decades, land-use and land-cover changes have turned the terr^trial biosphere (soil 
and plants) into a net "sink" for carbon (drawing down carbon from the atmosphere), and 
this sink has steadily increased since 1980 (high confidence). Because of the uncertainty iri the 
trajectory of land cover, the possibility of the land becoming a net carbon source cannot be 
excluded (wn/ft/^/jcoM/ifl!c}ice).CCh. 10) 

There is a Significant Possibility for Unanticipated Changes 

Humanity's effect on the Earth system, through the large-scale combustion of fossil fuels and 
widespread defore-station and the resulting release of carbon dioxide (COj) into the atmosphere, 
as well as through emissions of other greeiihouSe gases and radiatively active substances from 
human activities; is unprecedented. ITiere is significant potential for humanity's effect on the 
planet to result in unanticipated surprises and a broad consensus that the further and faster the 
Earth system is pushed towards warming, the greater the risk of such .surprises. 

There are at least two types of potential surprises: compound events, where multiple extrerne cli- 
mate events occur simultaneously or sequentially (creating greater overall impact), and critieai 
thrc^old or tipping point events, where some threshold is crossed in the climate system (that leads 
to large impacts). The prdjabiiity of such surprises—^some of which may be abrupt and j or 
irreversible—as well as other more predictable but difficult-to-manage impacts, increases as the 
influence of human activities on the climate system increases. (Ch. 15) 
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UnantfcHMtsd and difflcuR bi^touiUe^tiMnanaga changes in the dimate system are pasdUe 
throughout the next cmttiry as eritfeal threshcrfds am crossed and/or m^tHile cliowte-relaled 
extreme events oow shttii^mieoustyi (Ch. 15} 

• Positive feedbacks (self-reinforcing cycles) within the climate system have the potential to 
accelerate human-inducfid climate change and even shift the Earth's climate system, in part 
or in whole/into new states that are very different from those experienced in the recent past 
(for example, ones with greatly diminished ice sheets or different large-scale patterns of at¬ 
mosphere or ocean cireulation). Some feedbacks and potential state shifts can be modeled and 
quantified; others can be modeled or identified but not quantified; and some are probably still 
unknown. (Pery /ligfi eojj^cience in the potential for state shifts and in the incompleteness of 
knowledge about feedbacks and potential state shifts). (Ch. 15) 

• The physical and socioeconomic impacts of compound extreme events (such aS simultaneous 
heat and drought, wildfires associated with hot and dry conditions, or flocfding associated 
with high precipitation on top of sriow or waterlogged ground) can be greater than the sum 
of the parts {very high confidence). V^w analyses consider the spatial or temporal correlation 
between extreme events. (Gh. 15) 

• While climate models incorporate important climate processes that can be well quantified, 
they do not include all of the processes thatcan contribute to feedback-s (Gh. 2), compound ex¬ 
treme events, and abrupt and / or irreversible changes. For th is Fea.son, future changes outside 
the range projected by climate models cannot be ruled o\it{very high confidence). Moreover, the 
systematic tendency of climate models to underestimate temperature change during warm 
paleoclimates suggests that climate models are more likely to underestimate than to overesti¬ 
mate the amount of long-term future change (medium confidence). (Gh. 15) 
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Box E5.2; A Summary of Advances Since NCA3 

Advances in scientific understanding and scientific af^roach, as weii as developments in glc^l policy, have 
occurred since NCA3. A detailed summary of these advances can be found at the end ofChapter 1; Our Glob¬ 
ally Changing Climate. Highlights of what aspects are either especially strengthened or are «nerging in the 
current findings include 

Detection andattrtbuthti: Significant advances have been made in the attribution of the human influence 
for Individual climate and weather extreme events since NCA3. (Chapters 3,6,7,8). 

Atmospheric eimdetion and extreme events: The extait to which atmospheric circulation in the midlati¬ 
tudes is changing or is projected to change, i^ibly in ways not captured by current climate models, is a 
new important area of research. (Chapters 5,6.7), 


Increased understanding of specific types of extreme emits: How climate change may affect specific 
types of extreme events in the United States is another key area where scientific understanding has ad¬ 
vanced. (Chapter 9). 

fUgh-resofutkm global dimate model dmulations: As computing resources have growa multidecadal 
simulations of global climate mddrfs are now being conducted at horizontal resolutions on the order of 15 
miles (25 km) that provide more realistic characterization of inteise weather si«tems, including hurricanes. 
(Chapter^). 

Oceans andOMSto/waters: Ocean acidification, warming, and oxygen loss are all increasing, and scientific 
understanding of the severity of their impacts is growmg. Both oxygen loss and acidification may be mag¬ 
nified in some U5. coastal waters relative to the global average, raising the risk ed serious ecological and 
economic consequences. [Chapters 2,13). 

Local sea leeel change proJeetloas:fonhe first time In the MCA process, sea level rise projections incorpo¬ 
rate geographic variation based on factors such as local land subsidence, ocean currents, and changes In 
Earths gravitational field. (Chapter 12). 

Acetderated lee-sheet loss: New observations from many difierent sources confirm that ice-sheet loss is 
accelerating. Combining observations with simultaneous advances in the physical understanding of Ice 
sheets leads to the concluskm that up to 8.S feet of global sea level rise is possible by 2100 under a higher 
scenario (RCP8.5}, up fibm 6.6 feet in NCA3, (Chapter 12), 

lowsea-feeomi/exteittThe annual arctic sea ice extent minimum for 2016 relative to the Idrtg-t^m re¬ 
cord was the secor^d lowest cm record. The arctic sea ice minimums fe 2014 and 2015 were also amongst 
the lowest on record. Since 1981, the sea ice minimum has decreased by 13.3% perdecade,more than 46% 
over the 35 years. The annual arctic sea ice maximum in March 2017 was the lowest maximum areal extent 
on record. (Chapter ^ 1). 


Potential surprises: Both large-scale state shifts in the climate system (sometimes called ‘^If^irtg points') 
and compound extremes have the potwttial to generate unanticipated climate surprises. The further ^ 
Earth system departs from hi^oricai cRmate forcings, and the more the climate changes, the greater the 
potential for these surprises. (Chapter IS). , 

Mftfgrrtten; This report discusses some important aspects of climate science that are relevant to long-term 
temperature goals and different mitigation scenarios, including those implied by government annourtce- 
ments for the Paris Agreem«tt (Chapters 4,14). 
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Confidence Level 


Viti y Hrf>l) 


SlTH^ evidencs (est^tshed 
theory, muitit^sotroes, consistent 
resutts, well docwiented and 
accepted methods, (He.), h^ 
consensus 


Moderate evidence (severe sourc¬ 
es, soma consistent, methocte 
varyuKtAordaCumentstiofl limited, 
ete J, medium consensus 


MfiJhUjn 


Sugg^tive evidetce (a tew sourc¬ 
es, limited consistency, models 
incomi^^ methods 
Me,), compMing schorl of thoi^t 




Inconclushie evidence (linUted 
sources, axtrapMstions, incn\sis- 
tent pov dociim«it3tion 

anrUor meteods not tested, etc,}, 
dfsagreement or lack of i4>irrions 
among eiqtMte 


Likelihood 




99%-l(K)% 


rktf.eui^'y liftyly 


95%-100% 


Very hkti/y 


90%-100% 



66)^100% 


AiiilitJr LiHfiy ?i’.; Net 


33%-66% 



0%-5% 


Eji.ceittjar::n.;y Un-ikel 


0%-l% 


Confidence levels and IHc^ihood statements used in the 
Executive Summary. As art mampte, reg^’dtrtg ‘'likely," a 66- 
100 % probability can be interpreted as a likelihood of great¬ 
er than 2 out of 3 chances for the statement to be certain or 
true. Not all llkdihorxls are used in the report. 
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Summary Findings 

NCA4 Summary Findings 

Thesfe Summary Findings represent a high-level synthesis of the material in the underlying 
report. The findings consolidate Key Messages and supporting evidence from 16 national-level 
topic chaptere, 10 regidnai chapters, and 2 chapters that focus on societal response strategies 
(mitigation and adaptation). Unless otherwise noted, qualitative statements regarding future 
conditions in these Summary Findings are broadly applicable across the range Of different 
levels of future climate change and associated impacts considered in this report. 


1. Communities 


Climate change creates new risks and exacerbates existing vulnerabilities in communities across 
the United States, presenting growing challenges to human health and safety, quality of life, and 
the rate of economic grovrth. 


'rhe impacts of climate change are already 
being felt in communities across the country. 
More frequent and intense extreme weather 
and climate-related events, as well as changes 
in average climate conditions, are expected to 
continue to damage infrastructure, ecosystems, 
and social systems that provide essential ben¬ 
efits to communities. Future climate change 
is expected to further disrupt many areas of 
life, exacerbating existing challenges to pros¬ 
perity posed by aging and deteriorating infra¬ 
structure, stressed ecosystems, and economic 
inequality. Impacts within and across regions 


will not be distributed equally. People who are 
already vulnerable, including lower-income and 
other marginalized communities, have lower 
capacity to prepare for and cope with extreme 
weather and climate-related events and are ex¬ 
pected to experience greater impacts. Prioritiz¬ 
ing adaptation actions for the most vuinerabie 
populations would contribute to a more equi¬ 
table future within and across communities. 
Global action to significantly cut greenhouse 
gas emissions can substantiaity reduce cli¬ 
mate-related risks and increase opportunities 
for these populations in the longer term. 


2. Economy 


Without substantial and sustained global mitigation and regional adaptation efforts, climate 
change is expected to cause growing losses to American infrastructure and property and impede 
the rate of economic growth over this century. 


In the absence of significant global mitigation 
action and regional adaptation efforts, rising 
temperatures, sea level rise, and changes in 
extreme events are expected to increasingly 
disrupt and damage critical infrastructure and 
property, labor productivity, and the vitality 
of our communities. Regional economies and 
industries that dei^nd on natural resourc¬ 
es and favorable climate conditions, such as 


agriculture, tourism, and fisheries, are vulner¬ 
able to the growing impacts of climate change. 
Rising temperatures are projected to reduce 
the efficie ncy of power generation while in¬ 
creasing eneigy demands, resulting in higher 
electricity costs. The impacts of climate change 
beyond our borders are expected to increas¬ 
ingly affect our trade and economy, includihg 
import and export prices and U,S. businesses 
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with overseas operations and supply chains. 
Some aspects of bur economy may see slight 
near-term improvements in a modestly warmer 
worid. However, the continued warmingthat 
is projected to occur without substancial and 
sustained reductions in global greenhouse gas 
emissions is expected to cause substantial net 
damage to the U,S. economy throughout this 


century, especially in the absence of increased 
adaptation efforts. With continued growth in 
emissions at historic rates, annual losses in 
some economic sectors are projected to reach 
hundreds of billions of dollars by the end of the 
century—more than the current gross domestic 
product (GDP) of many U^S. states. 


3. Interconnected Impacts 


Glimate change affects the natural, built, and social systems we rely on individualty and through 
their connections to one another, These interconnected systems are increasingly vulnerable to 
cascading impacts that are often difficult to predict, threatening essential services within and 
beyond the Nation’s borders. 


Climate change presents added risks to inter¬ 
connected systems that are already exposed 
to a range of stressors such as aging and de¬ 
teriorating infrastructure, laiid-use changes, 
and population growth. Extreme weather and 
climate-related impacts on one system can re¬ 
sult in increased risks or failures in other crit¬ 
ical systems, including water resources, food 
production and distribution, energy and trans¬ 
portation, public health, international trade, 
and national security. The full exterit of climate 
change risks to interconnected systems, many 


of which span regional and national boundaries, 
is often greater than the sum of risks to Individ¬ 
ual'sectors. Failure to anticipate interconnected 
impacts can lead to missed opportunities for 
effectively managing the risks of climate change 
and can also lead to management responses 
that increase risks to other sectors and regions. 
Joint planning with stakeholders across sec¬ 
tors, regions, and jurisdictions can help identify 
critical risks arising from interaction among 
systems ahead of time. 


4. Actions to Reduce Risks 


Communities, governments, and businesses are working to reduce risks from and costs asso¬ 
ciated with climate change by taking actibn to lower greenhouse gas emissions and implement 
adaptation strategies. While mitigation and adaptation efforts have expanded substantially in 
the last four years, they do not yet approach the scale considered necessary to avoid substantial 
damages to the economy, environment, and human health over the coming decades. 


Future risks from climate change depend 
primarily on decisions made today. TTie inte¬ 
gration of climate risk into decision-making 
and the implementation of adaptation activities 
have significantly increased since the Third 
National Climate Assessment in 2014, including 


in areas of financial Fisk reporting, capital in¬ 
vestment planning. development Of engineering 
standards, military planning, and disaster risk 
management. Transformations in the ener¬ 
gy sector—including the displacement of coal 
by natural gas and increased deployment of 
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renewable energy—along with policy actions 
at the national, regional, state, and local lev¬ 
els are reducing greenhouse gas emissions in 
the United States, While these adaptation and 
mitigation measures can help reduce damages 
in a number of sectors, this assessment shows 
that more immediate and substantial global 
greenhouse gas emissions reductions, as well as 
regional adaptation efforts, would be needed to 


avoid the most severe consequences in the long 
term. Mitigation and adaptation actions also 
present opportunities for additional benefits 
that are often more immediate and localized, 
such as improving local air quality and econ¬ 
omies through investments in infrastructure. 
Some benefits, such as restoring ecosystems 
and increasing community vitality, may be 
harder to quantify. 


5. Water 


The quality and quantity of water available for use by people and ecosystems across the country 
are being affected by climate change, increasing risks and costs to agriculture, energy production, 
industry recreation, and the environment. 


Rising air and water tempieratures and chang¬ 
es in precipitation are intensifying droughts, 
increasing heavy downpours, reducing snow- 
pack, and causing declines in surface water 
quality, with varying impacts across regions. 
Future warming will add to the stress on water 
supplies and adversely impact the availability 
of water in parts of the United States. Changes 
in the relative amounts and timing of snow and 
rainfall are leading to mismatches between wa¬ 
ter availability and needs in some regions, pos¬ 
ing threats to, for example, the future reliability 
of hydropower production in the Southwest 
and the Northwest. Groundwater depletion is 
exacerbating drought risk in many parts of the 
United States, particularly in the Southwest and 


Southern Great Plains. Dependable and safe 
water supplies for U,S, Caribbean, Hawai'i, and 
U.S.-Affiliated Pacific Island communities are 
threatened by drought, flooding, and saltwater 
contamination due to sea lewl rise. Most U.S. 
power plants rely on a steady supply of water 
for cooling, and operations are expected to be 
affected by changes in water availability and 
temperature increases, /^ing and deteriorating 
water infrastructure, typically designed for past 
environmental conditions, compounds the cli¬ 
mate risk faced by society. Water management 
strategies that account for changing climate 
conditions can help reduce present and future 
risks to water security, but implementation of 
such practices remains limited. 


6. Health 


Impacts from climate change on extreme weather and climate-related events, air quality, and the 
transmission of disease through insects and pests, food, and water increasingiy threaten the 
health and well-being of the American people, particularly populations that are already vulnerable. 


Changes in temperature and precipitation are 
increasing air quality and health risks from 
wildfire and ground-level ozone pollution, 
Rising air and water temperatures and more 


intense extreme events are expected to in¬ 
crease exposure to waterborne and foodbome 
diseases, affecting food and water safety. With 
continued warming, cold-related deaths are 
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projected to decrease and heat^related deaths 
are projected to increase; in most regions, 
increases in heat-related deaths are expected 
to outpace reductions in cold-related deaths. 
The frequency and severity of allergic ill¬ 
nesses, including asthma and hay fever, are 
expected to increase as a result Of a changing 
climate. Climate change is also projected to 
alter the geographic range and distribution of 
disease-carrying insects and pests, exposing 
more people to ticks that carry Lyme disease 
and mosquitoes that transmit viruses such 
as Zika, West Nile, and dengue, with varying 
impacts across regions. Communities in the 
Southeast, for example, are particularly vul¬ 
nerable to the combined health impacts from 


vector-borne disease, heat, and flooding. Ex*^ 
treme weather and climate-related events can 
have lasting mental health consequences in af¬ 
fected communities, particularly if they result 
in degradation of livelihoods or community 
relocation. Populations including older adults, 
children, low-income communities, and some 
communities of color are often dispropor¬ 
tionately affected by, and less resilient to, the 
health impacts of climate change. Adaptation 
and mitigation policies and programs that help 
individuals, communities, and states prepare 
for the risks of a changing climate reduce the 
number of injuries, illnesses, and deaths from 
climate-related health outcomes. 


7, indigenous Peoples 


Climate change increasingly threatens Indigenous communities' livelihoods, economies, health, 
and cultural identities by disrupting interconnected social, physical, and ecological systems. 


Many Indigenous peoples are reliant on nat¬ 
ural resources for their economic, cultural, 
and physical well-being and are often unique¬ 
ly affected by climate change. The impacts of 
climate change on water, land, coastal areas, 
and other natural resources, as well as infra¬ 
structure and related services, are expected to 
increasingly disrupt indigenous peoples' liveli¬ 
hoods and economies, including agriculture and 
agroforestry, fishing, recreation, and tourism. 
Adverse impacts on subsistence activities have 
already been observed. As climate changes con¬ 
tinue, adverse impacts bn culturally significant 
species and resources are expected to result 
in negative physical and mental health effects. 
Throughout the United States, climate-related 


impacts are causing some Indigenous peoples 
to consider or actively pursue community re¬ 
location as an adaptation strategy, presenting 
challenges associated with maintaining cultural 
and community continuity. While economic, 
political, and infrastructure limitations may 
affect these communities' ability to adapt, 
tightly knit social and cultural networks present 
opportunities to build community capacity and 
increase resilience. Many Indigenous peoples 
are taking steps to adapt to climate change 
impacts structured around self-determination 
and traditional knowledge, and some tribes are 
pursuing mitigation actions through develop¬ 
ment of renewable energy on tribal lands. 
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8. Ecosystems and Ecosystem Services 


Ecosystems and the benefits they provide to society are being altered by climate change, and 
these impacts are projected to continue. Without substantial and sustained reductions in global 
greenhouse gas emissions, transformative impacts on some ecosystems will occur; some coral 
reef and sea ice ecosystems are already experiencing such transformational changes. 


Many benefits provided by ecosystems and the 
environment, such; as clean air and water, pro¬ 
tection from coastal flooding, wood and fiber, 
crop pollination/hunting and fishing, tourism, 
cultural identities, and more vrill continue to 
be degraded by the impacts of climate change. 
Increasing wildfire frequency, changes in insect 
and disease outbreaks, and other stressors are 
expected to decrease the ability of U.S. for¬ 
ests to support economic activity, recreation, 
and subsistence activities. Climate change has 
already had observable impacts on biodiversity, 
ecosystems, and the benefits they provide to 
society. These impacts include; the migration 
of native species to new areas and the spread 
of invasive species. Such changes are project¬ 
ed to continue, and without substantial and 
sustained reductions in global greenhouse 
gas emissions, extinctions and transformative 


impacts,on some ecosystems cannot be avoid¬ 
ed in the long term. Valued aspects of regional 
heritage arid quality of life tied to ecosystems, 
wildlife, and outdoor recreation will change 
with the climate, and as a result, future gener¬ 
ations can expect to experience and interact 
with the natural environment in ways that are 
different from today. Adaptation strategies, 
including prescribed burning to reduce fuel for 
wildfire, creation of safe havens for important 
species, and control of invasive species, are 
being implemented to address emerging im¬ 
pacts of climate change. While some targeted 
response actions are underway, many impacts, 
including losses of unique coral reef and sea ice 
ecosystemSi can only be avoided by significant¬ 
ly reducing global emissions of carbon dioxide 
and other greenhouse gases. 


9. Agriculture and Food 


Rising temperatures, extreme heat, drought, wildfire on rangelands, and heavy downpours are 
expected to increasingly disrupt agricultural productivity in the United States. Expected increas' 
es in challenges to livestock health, declines In crop yields and quality, and changes in extreme 
events in the United States and abroad threaten rural livelihoods, sustainable food security, and 
price stability. 


Climate change presents numerous challenges 
to sustaining and enhancing crop produetivity, 
livestock health, and the economic vitality of 
rural communities. While some regions (such 
as the Northern Great Plains) may see con¬ 
ditions conducive to expanded or alternative 
crop productivity over the next few decades, 
overall, yields from major U.S. crops are expect¬ 
ed to decline as a consequence of increases in 


temperatures and possibly changes in water 
availability, soil erosion, and disease and pest 
outbreaks. Increases in temperatures during 
the growing season in the Midwest are pro¬ 
jected to be the largest contributing factor to 
declines in the productivity of U.S. a^cuiture. 
Projected increases in extreme heat conditions 
are expected to lead to further heat stress for 
livestock, which can result in large economic 
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lo^es for producers. Climate change is also ex¬ 
pected to lead to large-scale shifts in the avail¬ 
ability and prices of many agricultural products 
across the world, with coiresponding impacts 
on U.S. agricultural producers and the U.S. 
economy. TTiese changes threaten future gains 
in commodity crop production and put rural 
livelihoods at risk. Numerous adaptation strate¬ 
gies are available to cope with adverse impacts 


of climate variability and change on agricultural 
production. These include altering what is pro¬ 
duced. modifying the inputs used for produc¬ 
tion, adopting new technologies, and adjusting 
management strategies. However, these strat- 
egies have limits under severe climate change 
impacts and would require sufficient long- and 
short-term investment in changing practices. 


10. Infrastructure 


Our Nation's aging and deteriorating infrastructure is further stressed by increases in heavy pre¬ 
cipitation eventSi coastal flooding, heat, wildfires, and other extreme events, as well as changes 
to average precipitation and temperature. Without adaptation, climate change will continue to de¬ 
grade infrastructure performance over the rest of the century, with the potential for cascading im¬ 
pacts that threaten oureconomy, national security, essential services, and health and well-being. 


Climate change and extreme weather events 
are expected to increasingly disrupt our Nfa- 
Lion’s energy and transportation systems, 
threatening more frequent and longer-lasting 
power outages, fuel shortages, and service 
disruptions, with cascading impacts on oth¬ 
er critical sectors. Infrastructure currently 
designed for historical climate conditions is 
more vulnerable to future weather extremes 
and climate change. The continued increase in 
the frequency and extent of high-tide flooding 
due to sea level rise threatens America's tril- 
lion-dollar coastal property market and public 
infrastructure, with cascading impacts to the 
larger economy. In Alaska, rising temperatures 
and erosion are causing damage to buildings 
and coastal infrastructure that will be costly 
to repair or replace, particularly in rural areas; 
these impacts are expected to grow without 


adaptation. Expected increases in the severity 
and frequency of heavy precipitation events 
will affect inland infrastructure in every region, 
including access to roads, the viability of bridg¬ 
es, and the safety of pipelines. Flooding from 
heavy rainfall, storm surge, and rising high tides 
is expected to compound existing issues with 
aging infrastructure in the NorUieast. Increased 
drought risk will threaten oil and gas drilling 
and refining, as well as electricity generation 
from power plants that rely on surface water 
for cooling. Forward-looking infrastructure 
design, planning, and operational measures and 
standards can reduce exposure and vulnerabil¬ 
ity to the impacts of climate change and reduce 
energy use while providing additional near- 
term benefits, including reductions in green¬ 
house gas emissions, 
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n. Oceans and Coasts 


Coastal communities and the ecosystems that support them are increasingly threatened by the 
impacts of climate change. Without significant reductions in global greenhouse gas emissions 
and regional adaptation measures, many coastal regions will be transformed by the latter part of 
this century, with impacts affecting other regions and sectors. Even in a future with lower green¬ 
house gas emissions, many communities are expected to suffer financial impacts as chronic 
high-tide flooding leads to higher costs and lower property values. 


Rising water temperatures, ocean acidification, 
retreating arctic sea ice, sea level rise, high-tide 
flooding, coastal erosion, higher storm surge, 
and heavier precipitation events threaten pur 
oceans arid coasts. These effects are projected 
to continue, putting ocean and marine species 
at risk, decreasing the productivity of certain 
fisheries, and threatening communities that 
rely on marine ecosystems for livelihoods and 
recreation, with particular impacts on fishing 
communities in Hawaii and the U.S.-Affiliated 
Pacific islands, the U.S. Caribbean, and the Gulf 
of Mexico, Lasting damage to coastal property 
and infrastructure driven by sea level rise and 
storm surge is expected to lead to financial 
losses for individuals, businesses, and commu¬ 
nities, with the Atlantic and Gulf Coasts facing 
above-average risks. Impacts on coastal energy 
and transportation infrastructure driven by sea 
level rise and storm surge have the potential 


for cascading costs and disruptions across the 
country. Even if significant emissions reduc¬ 
tions occur, many of the effects from sea level 
rise over this century—and particularly through 
mid^century—are already locked in due to his¬ 
torical emissions, and many communities are 
already dealing with the consequences. Actions 
to plan for and adapt to more frequent, Wide¬ 
spread, and severe coastal flooding, such as 
shoreline protection and conservation of Coast¬ 
al ecosystems, would decrease direct losses and 
cascading impacts: on other sectors and parts 
of the country. More than half of the damages 
to coastal property are estimated to be avoid¬ 
able through well-timed adaptation measures. 
Substantial and sustained reductions in global 
greenhouse gas emissions would also signifi¬ 
cantly reduce projected risks to fisheries and 
corhmunities that rely on them. 


12 . Tourism and Recreation 


Outdoor recreation, tourist economies, and quality of life are reliant on benefits provided by our 
natural environment that will be degraded by the impacts of climate change in many ways. 


Climate change poses risks to seasonal and 
outdoor economies in communities across the 
United States, including impacts on economies 
centered around coral reef-based recreation, 
winter recreation, and inland water-based 
recreation. In turn, this affects the well-being 
of the people who make their living supporting 
these economies, including rural, coastal, and 
Indigenous communities. Projected increases 


in Wildfire Smoke events are expected to irnpair 
outdoor recreational activities and visibility 
in wilderness areas. Declines in snow and ice 
cover caused by warmer winter temperatures 
are expected to negatively impact the winter 
recreation industry in the Northwest, North¬ 
ern Great Plains, and the Northeast. Some 
fish, birds, and mammals are expeeted to shift 
where they live as a result of climate change^ 


af. :Gilorrait'Si<sn!;f H?s,earc!vProt)fam 


31 


Ciinials 



Summary Findings 


with implications for hunting, fishing, and other 
wildlife-related activities. These and other cli¬ 
mate-related impacts are expected to result in 
decreased tourism revenue in some places and, 
for some Communities, loss of identity. While 
some new opportunities may emerge from 
these ecosystem changes, cultural identities 
and economic and recreational opportunities 


based around historical useof and interaction 
with species or natural resources in many areas 
are at risk. Proactive management strategies, 
such as the use of projected stream tempera¬ 
tures to set priorities for fish conservation, can 
help reduce disruptions to tourist eiconomies 
and recreation. 
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Fngiiwnmant an A CUmatf. Change 

Global environmental attdecologkal degradation, as welt as climate change, are likely to fuel competition 
fitr resources, economic distress, and socitd discontent through 2019 and beyond. Climate hazards such as 
extreme weather, hi^ier temperatures, droughts, floods, wildfires, storms, sea level rise, sofl 
dc^adation, ahd acidifying oceans are mtensifying, threatening infrastructure, health, and water and 
food security. Irreversible damage to ecosystems and habkats will undennine the economic benefits 
tiiey provide, worsened by air, soil, water, and marine pbllutibn. 

• Extreme weather events, many worsened by accelerating sea level rise, will particularly affect 
urban coastal areas in Soutii Asia, Scardieast Asia, and the Western Hemisphere. Damage to 
communication, eitergy, and transportation infrastructure could affect low-lying military bases, 
inflict economic costs, and cause human displacement and loss of life. 

• r hangps in the frequency and variability of heat waves, drou^ts, and floods—combined with 
poor governance practices—are increasing water and food insecurity around the world, 
increasing the risk of social unrest, migration, and interstate tension in countries such as E®fpt, 
Etiuopia, Iraq, and Iordan. 

• Diminishing Arctic sea ice may increase ctimpetitioh—particularly with Russia and China- 
over access to sea routes and natural resources. Nonetiteless, Arctic states have maintained 
moslly positive cooperation in the region through the Arctic Couiicil and other multilateral 
mechanisms, a trend we do not expect to diange in the near term. Warmer temperatures and 
diminishing sea ice are reducing the hi^ cost and risks of some commercial activities and are 
attracting new players to tiic resource-rich re^n. In 2018, tire minimum sea ice extent in the 
Arctic was 25 percent below the 3D-year average from 1980 to 2010, 
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